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Hämoglobinopathien und der Schutz vor schwerer Malaria: Untersuchung von Zelladhäsion und 
Zellmechanik von Plasmodium falciparum infizierten Erythrozyten 
Ziel dieser Arbeit war die Untersuchung der Zelladhäsion und der mechanischen Eigenschaften 
von Plasmodium falciparum infizierten menschlichen wildtyp und hämglobinopatischen 
Erythrozyten, um den Schutzmechanism gegen schwere Malariaverläufe, der mit Hämoglobin 
Polymorphismen assoziiert wird, zu beleuchten. 
In Kapitel 3 wurde die Zelladhäsion von infizierten wildtyp und hämoglobinopatischen 
Erythrozyten mit Hilfe von festkörpergestützten mit CD36 oder ICAM-1 funktionalisierten 
Lipiddoppelschichten untersucht, die als in vitro Modell der Enothelzellmembrane dienten. Unter 
statischen Bedingungen wurde die Bindungstärke durch den kritschen Ablösedruck quantifiziert, 
basierend auf der Zellablösung durch Laser induzierte Druckwellen. Zusätzlich wurde die Zahl der 
Bindungsereignisse und die kritische Ablösescherspannung unter physiologisch relevanten 
Scherspannungen in klassischen Flusskammerexperimenten bestimmt. Darüber hinaus wurde 
durch labelfreie Interferenzreflexionsmokroskopie die Veränderungen der Adhäsionsfläche in 
Abhängigkeit der Scherspannung untersucht. 
In Kapitel 4 wurden die, durch den Parasiten hervorgerufenen, Veränderungen der 
Erythrozytenmechanik für verschiedene Parasitenentwicklungsstadien mit labelfreier und 
kontaktfreier Flicker Spektroskopie untersucht, die detailierte Auskünfte über den 
Membranbiegemodulus, die Membranspannung, das harmonische Membranenconfinement 
durch das Zytoskelett und die effektive Zytosolviskosität gaben. 
Ferner wurde durch quantitative Röntgenstrahlenfluoereszenzmikroskopie ein umfangreiches 
Bild des intraerythrozytischen Parasitenmetabolimus erstellt. 
Haemoglobinopathies and the Protection Against Severe Malaria: Probing Cytoadhesion and 
Mechanics of Plasmodium falciparum Infected Erythrocytes 
Aim of this thesis was the probing of the cytoadhesion and the mechanical properties of 
Plasmodium falciparum infected human wildtype and haemoglobinopathic erythrocytes, to shed 
light on the protection mechanism against severe malaria associated with haemoglobin 
polymorphisms. 
In Chapter 3, the cytoadhesion of infected wildtype and haemoglobinopathic erythrocytes was 
probed using solid-supported lipid bilayers functionalized with CD36 or ICAM-1, acting as in vitro 
endothelial cell membrane models. Under static conditions, the binding strength was quantified 
in terms of the critical pressure of detachment based on cell detachment by laser induced pressure 
waves. Additionally, the number of binding events and the critical shear stress of detachment 
were determined based on classical parallel plate flow experiments at physiological relevant 
shear stresses. Furthermore, the shear stress dependent changes in tight adhesion area were 
investigated based on label-free reflection interference contrast microscopy. 
In Chapter 4, the parasite induced changes to the erythrocyte mechanics were probed at different 
parasite stages using label and contact-free flicker spectroscopy, yielding the membrane bending 
modulus, the membrane tension, the harmonic membrane confinement by the cytoskeleton and 
the apparent cytosolic viscosity.  
Moreover, a comprehensive image of the intraerythrocytic parasite metabolism was generated 





“Kindly let me help you or you will drown,” said the monkey putting the fish 
safely up a tree. 
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1.1 The human red blood cell 
Human red blood cells (erythrocytes) are highly specialized cells and the principal 
transporter delivering oxygen to body tissues in exchange for carbon dioxide. They have a 
biconcave-discoid shape with an equatorial diameter of 6 to 8 µm and a thickness of 2 to 3 
µm, creating a high surface (~135 µm2) to volume (~90 µm3) ratio, optimized for the fast 
uptake and release of oxygen1, 2. Mature erythrocytes lack internal cell organelles and are 
mainly composed of the oxygen binding protein haemoglobin to maximize the oxygen 
transport capacity.  
The resulting low cytoplasmic viscosity together with their unique cell shape allow 
erythrocytes to repeatedly navigate through capillaries with diameters of only 2 to 3 µm 
without taking damage3. The necessary high deformability is mainly provided by the unique 
structure of the erythrocyte membrane. It consists of a highly fluidic 4 to 5 nm thick 
phospholipid bilayer anchored to a flexible two-dimensional spectrin/actin-cytoskeleton 
(Figure 1.1)4.  
 
Figure 1.1 | Model of the erythrocyte membrane (adapted from Samuel E. Lux, IV, 2015)5. (a) The 
erythrocyte cytoskeleton is based on a quasi-hexagonal spectrin-actin meshwork. Short actin protofilaments are 
interconnected by up to six spectrin tetramers. The cytoskeleton is anchored to the plasma membrane by vertical 
connections of (b) spectrin via the ankyrin complex or (c) the actin protofilaments via the actin junctional 
complex. The surface of the membrane is decorated with a glycocalix consisting mainly of glycoproteins A-D.  
The cytoskeleton consists of a quasi-hexagonal meshwork of spectrin tetramers 
interconnecting short actin protofilaments (Figure 1.1 a)6. The spectrin tetramers are made 
of two coupled dimers, which in turn are each formed by a pair of antiparallel aligned α-
spectrin and β-spectrin units. The high flexibility of the spectrin network can be attributed to 
the ability of the spectrin tetramers to dissociate and reform under shear stress conditions7. 
In addition, the tetramers themselves are highly extensible. While the typical in vivo end-to-
end distance of the tetramer is found between 35-100 nm8, 9, it can extend up to 190 nm when 
spread in vitro10.  
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The anchoring of the cytoskeleton to the erythrocyte membrane is mainly mediated by two 
vertical connector types. Firstly, ankyrin complexes (Figure 1.1 b), that connect spectrin 
tetramers via the ankyrin protein to the integral membrane protein Band 36, and secondly, 
actin junctional complexes (Figure 1.1 c), that connect the actin protofilaments via α-β-
adducin to the Band 36, 11.  
To further minimize interactions with endothelial cells, that cover the inside of the micro 
vascular system, and with other erythrocytes, the erythrocytes surface is covered with a 
negatively charged glycocalix12.  
During their live time of 100 to 120 days the erythrocytes shrink accompanied by a loss of 
~20% of haemoglobin, while the cytosolic concentration increases by ~14%13, 14. The 
increase in cytoplasmic viscosity together with an increased membrane rigidity finally 
promotes the removal of aged erythrocytes during passages through the spleen.  
1.2 Malaria 
1.2.1 Background on Malaria 
Malaria is an infectious disease in humans caused by the protozoan parasite Plasmodium most 
commonly transmitted by an infected female Anopheles mosquito. Infection typically causes a 
range of unspecific symptoms including fever, headache or chills. Yet, a lack of treatment can 
lead up to life threatening conditions. The species Plasmodium falciparum is responsible for 
the most severe forms of malaria in humans, resulting in an estimated 438,000 deaths in 2015 
alone, especially among children under the age of five, pregnant women and non-immune 
travelers15, 16.  
1.2.2 The blood stages of P. falciparum  
An infected mosquito typically inoculates < 25 sporozoites into the host skin. Sporozoites are 
a highly motile cell species able to enter the blood stream and invade the liver. There they 
multiply asexually for ~10 days creating approximately 40000 merozoites.  
 
Figure 1.2 | Blood stage of plasmodium falciparum (reproduced from Maier et al. 2009)17. One or multiple 
merozoites invade an uninfected human red blood cell. 24 h post invasion the erythrocyte membrane is decorated 
with knobs and infected cells develop cytoadhesive capabilities. The intraerythrocytic parasite maturation leads 
to the destruction of the host cell and the release of 16-32 new merozoites after ~48 hours18.  
Upon release from the liver into the blood flow, this parasite form is able to penetrate the 
membrane of human erythrocytes18.  
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The approximately 48 h lasting intraerythrocytic development cycle is initiated by the ~5 min 
lasting invasion process of an erythrocyte by one or several merozoites (Figure 1.2)18. 
Erythrocytes are consecutively remolded by the parasite leading to the formation of novel 
cytosolic organelles such as Maurer’s cleft (ring stage up to 16 h post invasion) and the 
formation of membrane protrusions termed knobs (trophozoite stage 20 to 36 h post 
invasion)18. Finally, each infected erythrocyte releases between 16-32 asexually reproduced 
merozoites upon bursting (end of schizont stage 48 h post invasion). 10% of the 
intraerythrocytic parasites develop into the sexual forms termed gametocytes19. Gametocytes 
circulate freely through the blood stream and can be taken up by another mosquito during its 
blood meal. For information on the intra-mosquito development of P. falciparum please see18.  
The clinical picture of P. falciparum induced malaria can be largely attributed to this asexual 
intraerythrocytic development and multiplication cycle20, 21. While most of the infections with 
malaria are accompanied only with asymptomatic levels of parasitaemia (percentage of 
infected erythrocytes) or mild fever, roughly 1 to 2% of infections can progress to life 
threating conditions22, 23.  
The WHO classifies malaria cases as severe, if patients fulfill one or several criteria, such as 
hyper-parasitaemia, severe anemia or cerebral malaria (Supporting Table 8-1)24. Among 
them, cerebral malaria is the most common severe form among children, causing up to 30% 
of total deaths25, 26. The earliest pathological features observable in severe cases are the 
presence of late stage infected erythrocytes in capillaries, post capillary venules and various 
organs including the brain, the hearth and the liver27.  
1.2.3  Haemoglobin based intraerythrocytic metabolism of P. falciparum  
Human haemoglobin is a tetramer structure consisting of two α-globin and two β-globin 
chains. Each unit embeds heme, a porphyrin group complexing a ferrous iron atom (FeII) 
enabling haemoglobin to bind and release oxygen28.  
During the intraerythrocytic development, haemoglobin acts as an important source of amino 
acids, required for the parasite mediated protein synthesis (Figure 1.3)29. Upon haemoglobin 
degradation, the liberated free heme group acts as a very toxic and reactive monomer 
species30. P. falciparum developed the capability to store heme in the form of hemozoin 




Figure 1.3 | Simplified P. falciparum mediated haemoglobin digestion. Host cytosolic volume is uptaken via 
cytosome, passing the parasite membrane and the digestive vacuole membrane. Inside the digestive vacuole, 
haemoglobin (Hb) is digested by a cascade of parasite enzymes. The toxic residual heme is stored in crystalline 
form as haemozoin. The freed amino acids are either used for parasite mediated protein syntheses or transported 
into the extracellular space by new permeation pathways (NPP). The digestion process leads to the enhanced 
production of reactive oxygen species (ROS).  
Although 65% - 80% of total hemoglobin is degraded during the parasites maturation, only a 
small fraction of below 25% of liberated amino acids is in fact incorporated into parasite 
encoded proteins31, while the majority is released into the extracellular space via porin-like 
channels and other specific amino acid transporters32, 33. In the framework of the colloid-
osmotic model, this apparent wasteful behavior has been explained by the need to reduce the 
osmotic pressure to avoid premature cell lysis34, 35. 
1.2.4  Cytoadhesive capabilities of P. falciparum infected erythrocytes 
The intraerythrocytic development leads to a variety of changes to the erythrocyte cytosolic 
composition and the structure of the host cell membrane. Thereby, the volume and the 
mechanics of the infected red blood cell are altered in a similar fashion as observed during 
red blood cell aging, making them targets for splenic clearance36. The hereditary survival 
strategy of P. falciparum is based on the circumvention of splenic passages by the 
development of cytoadhesive capabilities.  
During the early ring stage P. falciparum sets up Maurer’s clefts, large membranous structures 
that mediate trafficking of parasite encoded proteins through the erythrocyte cytosol (Figure 
1.2). To reach to the erythrocyte membrane, they are connected to long actin filaments built 
up by the parasite, based on actin mined from the erythrocyte cytoskeleton37, 38. Thereafter, 
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the capability for cytoadherence is established via the formation of membrane protrusions 
termed “knobs” that emerge at the trophozoite stage of infection and are decorated with 
adhesive proteins (Figure 1.4)39, 40.  
The knob structures are mainly supported by the knob associated histidine rich protein 
(KAHRP), a variety of other parasite encoded proteins and protein structures naturally 
embedded in the host membrane (Figure 1.4 a)41, 42. Please note, that studies based on KAHRP 
knockouts demonstrated that KAHRP is essential for the formation of knobs43. A membrane 
surface of an infected erythrocyte can express as many as 10000 knobs with reported heights 
between 2-20 nm and diameters between 5-120 nm dependent of the parasite strain44, 45, 46.  
 
Figure 1.4 | Schematics of P. falciparum induced membrane protrusions termed “knobs” and the binding 
domains of the major adhesins PfEMP1. (a) “Knob” structures built upon knob associated histidine rich 
proteins (KHARP) are strongly connected to the underlying actin/spectrin cytoskeleton and provide an elevated 
platform for PfEMP1 (reproduced from Helms et al. 2016)47. (b) Protein architecture of PfEMP1 with the 
intracellular domain (ATS). The extracellular domain is highly variable but is mainly dominated by sequences of 
Duffy-Binding Like (DBL) and Cysteine-Rich Inter-Domain Regions (CIDR) domains that facilitate binding to key 
receptors like ICAM-1, CD36 or CSA. (adapted from Smith et al. 2001)48. 
The major P. falciparum adhesins termed as Plasmodium falciparum erythrocyte membrane 
protein 1 (PfEMP1) are anchored to these knob structures49. PfEMP1 proteins are encoded by 
a var-gene family and can mediate cytoadhesion to a variety of host receptors like CD36, 
intercellular adhesion molecule 1 (ICAM-1), chondroitin sulfate A (CSA) and others50. The 
binding is mediated by large extracellular ectodomains consisting of 2-10 copies of mainly 
two domain types, namely Duffy-Binding Like (DBL) and Cysteine-Rich Inter-Domain Region 
(CIDR) domains51, 52. Thereby, each infected erythrocyte only expresses a single PfEMP1 
variant, thus minimizing the exposure of the parasite antigenic repertoire53, 54.  
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1.2.4.1 Cytoadhesion mediated by CD36 and ICAM-1 
P. falciparum infected erythrocytes have the ability to bind to a variety of ligands expressed 
on the surface of vascular endothelial cells. Of these, both CD36 and ICAM-1 are of special 
interest, since they have been associated with severe forms of malaria55, 56, 57, 58.  
CD36 is an integral membrane protein (MW = 88 kDa) of the family of class B scavenger 
receptors and able to bind ligands including collagen, native lipoproteins and long-chain fatty 
acids. Its main functions involve fatty acid metabolism, angiogenesis and phagocytosis59. Since 
it is expressed on all vascular endothelial cells, with abundancies in organs like the liver, 
kidney, lungs and muscles, CD36 is generally involved in various cases of clinical malaria60. 
The fact that CD36 is also expressed on activated platelet cells can contribute to the severity 
of the disease, due to cell clumping (auto-agglutination) and subsequent mechanical capillary 
obstruction61. Binding to CD36 is mediated via the cysteine rich inter domain regions in 
PfEMP1 (Figure 1.4 b)62.  
ICAM-1 is a transmembrane protein (MW = 80 − 115 kDa) and a member of the 
immunoglobulin superfamily. Similar to CD36 it is expressed on endothelial cells where it 
mediates adhesion of leukocytes during immune and inflammatory responses63. It is highly 
abundant in organs like the lungs and the brain64, with the later abundancy linked to cases of 
cerebral malaria57, 65. Binding to ICAM-1 is mediated via Duffy-Binding-Like domain DBL2β in 
PfEMP1 (Figure 1.4 b)66.  
1.2.5  Influence of haemoglobin polymorphisms on P. falciparum  
Several human polymorphisms of the haemoglobin protein provide distinct resistance against 
severe forms of malaria. As a consequence of the selective pressure exerted by P. falciparum 
during the several thousand years of co-evolution, large parts of the population in malaria 
endemic areas are carriers of such haemoglobin disorders67, 68. The disorders can be 
categorized into haemoglobin structure variants, where amino acids are substituted in the α- 
or β-globin (haemoglobin S, haemoglobin C), and haemoglobin synthesis variants, where the 
synthesis of the haemoglobin is altered due to the lack of synthesized α- or β-globin (α- and 
β-thalassemia)28. 
1.2.5.1 Haemoglobin S and C 
Haemoglobin S distinguishes itself from wildtype haemoglobin A by a single amino acid 
substitution at position 6 of the β-globin, where glutamic acid is exchanged to valine (β 
6Glu→Val)69. This change from a polar to a non-polar amino acid creates a binding side for 
deoxygenated haemoglobin, leading to haemoglobin aggregation, characteristic for 
haemoglobin S70. The haemoglobin aggregation in turn reduces the oxygen carrying capacity 
and can induce the destruction of the erythrocyte. While this can lead to fatale conditions like 
severe anemia for carriers of the homozygote form (HbSS, sickle cell disease), carriers of the 
heterozygote from (HbAS, sickle-cell trait) are mostly clinically asymptotic71.  
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In haemoglobin C the glutamic acid at position 6 of the β-globin is exchanged to a positively 
charged lysine (β 6Glu→Val)69. Similar to haemoglobin S, carriers of the homozygote form 
(HbCC) can suffer from chronic anemia while carriers of the heterozygote form (HbAC) are 
also clinically asymptotic71.  
Most interestingly, carriers of the sickle-cell trait (HbAS) are highly protected against malaria, 
with ~90% reduced likelihood to develop severe malaria conditions and ~60% reduced 
probability to require clinical care compared to carriers of wildtype haemoglobin (HbAA)72. 
Comparable protection rates are provided for carriers of HbAC with ~90% reduced likelihood 
to develop severe malaria conditions and ~30% reduced probability to require clinical care72.  
1.2.5.2 Protective mechanisms of HbAS and HbAC 
 
Figure 1.5 | Distorted cytoskeleton in uninfected erythrocytes (adapted from Cyrklaff et al.)73. Surface 
rendering of the plasma membrane (dark blue) and the actin filaments (yellow) calculated from cryo-electron 
tomograms. Reconstruction for (a) a wildtype erythrocyte, (b) and (c) for haemoglobinopathic erythrocytes of 
type HbAS and type HbAC, respectively. Scale bars, 100 nm.  
Haemoglobin S and C are chemically unstable with elevated rates of auto oxidization, leading 
to higher amounts of reactive species like ferric haemoglobin HbFeIII, that can degrade to form 
haemichromes, and ferryl haemoglobin HbFeIV 74, 75. Haemichromes disturb the spectrin-
protein 4.1-actin binding, while the additional oxidative stress brought upon by reactions 
with ferryl haemoglobin interferes directly with actin polymerization and actin dynamics76, 
77. Both effects result in distorted cytoskeletons characteristic for haemoglobinopathic 
erythrocytes (Figure 1.5).  
 
Figure 1.6 | Changes in erythrocyte surface morphology by P. falciparum. (a) Uninfected wildtype 
erythrocytes display a smooth surface (b-d) Infected erythrocytes at the trophozoite stage present membrane 
protrusions on the surface, with varying size and density dependent on the blood type. (SEM imaging was 
performed by Dr. Marek Cyrklaff, Center for Infectious Diseases, Heidelberg University Hospital).  
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The high oxidative stress levels in haemoglobinopathic erythrocytes combined with the 
additional oxidative stress due to the parasite metabolic activity (Figure 1.3) are believed to 
be a major source of their protective capabilities. Analogue to the interference of the actin 
activity in uninfected erythrocytes, the parasite mediated reorganization of actin should be 
strongly disturbed in haemoglobinopathic erythrocytes. This in turn results in a distorted 
protein trafficking system38 and might explain the abnormal size and distribution of knobs 
(Figure 1.6) and the lower level of PfEMP1 expression for infected HbAS and HbAC 
erythrocytes78. This observation correlates with the reduced cytoadhesive capabilities to 
microvascular endothelia cells observed under static and flow conditions for infected HbAS 
and HbAC erythrocytes78, 79. As a clear consequence infected HbAS and HbAC erythrocytes 
should indeed perform more passages through the spleen, resulting in a higher probability to 
be removed, thereby possibly moderating the disease symptoms.  
1.3 Aims of this study 
In spite of reduced cytoadhesion of P. falciparum infected haemoglobinopathic erythrocytes 
observed in vitro78, 79, carriers of HbAS and HbAC, suffering from a malaria infection, have 
been reported to exhibit parasitemia levels comparable to patients with wildtype 
haemoglobin80, 81. This raised the question: How can haemoglobinopathies protect from 
severe malaria? 
Primary aim of this study was the detailed quantification of infected wildtype (iHbAA) and 
haemoglobinopathic erythrocytes (iHbAS) adhesion capability to the endothelial cell 
receptors CD36 and ICAM-1, both of which are associated with cases of severe malaria55, 57, to 
gain insight on their individual contributions to the sequestration process.  
The cytoadhesion was investigated using CD36 and ICAM-1 functionalized solid-supported 
lipid bilayers acting as in vitro models mimicking the endothelial cell surface82, 83, 84. They 
allow to fine-tune the intermolecular ligand distance 〈〉 on a nanometer scale82, 85 and 
provide a high lateral ligand mobility86 comparable to biological membranes.  
Under static conditions, the adhesion strength of iHbAA and iHbAS to CD36 and ICAM-1 was 
quantified in terms of the critical pressure of detachment (〈〉), obtained by detaching 
cells using picosecond laser pulse induced supersonic pressure waves (Chapter 3.2). The 
combination of functionalized solid-supported lipid bilayers with parallel flow chambers, 
further allowed to determine the adhesion probability and the critical shear stress of 
detachment (〈〉) as a function of physiological relevant shear stresses (Chapter 3.3). 
Label free reflection interference contrast microscopy was applied to quantify the adhesion 
area of individual iHbAA and iHbAS as a function of applied shear stress  (Chapter 3.4). 
The intraerythrocytic development of P. falciparum induces drastic changes the host cell 
mechanical properties, resulting in loss in cell deformability. Cell mechanics are directly 




Secondary aim of this study was the detailed quantification of cell mechanics of iHbAA and 
iHbAS/iHbAC to investigate how the differences in knob morphology and distribution78, as 
well as differences in the cytoskeleton structure observed for iHbAA and iHbAS/iHbAC73 are 
affecting their cell mechanical properties. 
Cell mechanics of individual iHbAA, iHbAS and iHbAC were probed using non-invasive, label 
free flicker spectroscopy based on the analysis of thermally and non-thermally induced 
membrane fluctuations in Fourier space (Chapter 4.1)91. The study included uninfected 
erythrocytes and infected erythrocytes at the ring and trophozoite stage of infection. 
Additionally, a genetically modified knobless parasite phenotype was investigated. 
Based on recent reports of delayed protein expression for iHbAS and iHbAC in comparison to 
iHbAA34, 92, the scope of this study was extended to investigate how the intraerythrocytic 
development and biochemical metabolism of P. falciparum is affected by the host 
haemoglobin. 
Quantitative X-ray scanning fluorescence microscopy was performed on uninfected and 
infected erythrocytes at the trophozoite stage to provide an image of the elemental 
composition with high spatial resolution and trace-level sensitivity (Chapter 4.2)93, 94.  
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2 Materials and methods of cell culture 
This chapter contains a short overview of all applied methods necessary for the continuous 
and stage synchronized in vitro cultivation of P. falciparum FCR3 in human erythrocytes. It 
includes all techniques necessary to generate highly purified suspensions of infected 
erythrocytes used throughout this study. 
2.1 Ethical clearance 
Conducted experiments within this study were following the guidelines of the ethics 
committee of Heidelberg University, Mannheim University Hospital and the Biomolecular 
Research Center (CERBA/Labiogene). Written consent was obtained for all voluntary donors 
in accordance with the relevant guidelines and regulations. 
2.2 Buffers and solutions 
All chemicals used to prepare aqueous buffer solutions were purchased either form Karl Roth 
(Karlsruhe, Germany), Thermo Fisher Scientific (Waltham, USA) or Sigma-Aldrich Co. (St. 
Louis, USA).  
Culture medium: 
RPMI 1640, 2 mM L-glutamine, 25 mM HEPES, 100 µM hypoxanthine, 20 µg/mL gentamicin 
and 10% (v/v) human serum (A+ for type HbAA, AB for types HbAS and HbAC). 
Sorbitol lysis solution: 
280 mM D-sorbitol, 5 mM HEPES, pH 7.4. (300 mOsm), (heat sterilized). 
MACS buffer: 
Phosphate buffered saline (PBS), 2 mM EDTA, 0.5% (w/v) Bovine serum albumin (BSA), pH 
7.4. 
Gelatin solution: 
RPMI 1640, 2 mM L-glutamine, 25 mM HEPES, 0.5% (w/v) gelatin (from porcine skin type A). 
RPMI-BSA: 
RPMI 1640, 2 mM L-glutamine, 25 mM HEPES and 0.1% BSA (w/v) at pH 7.4. 
2.3 Blood collection and genotyping  
A total volume of approximately 12 ml of citrated whole blood was collected per donor. Whole 
blood was centrifuged at 800 × g for 10 min at room temperature. After discarding the plasma 
and buffy coating layer, the remaining erythrocytes were washed three times in RPMI-1640 
basic medium and stored at 4°C. Haemoglobin genotyping was performed by the Zentrallabor 
and Koopertives Speziallabor of the Heidelberg University Hospital. Erythrocytes were used 
within two weeks after collection.  
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2.4  In vitro culture of P. falciparum 
P. falciparum was cultured following the description of Trager and Jensen95. Briefly, Parasites 
were cultured in human erythrocytes suspended in culture medium under controlled 
atmospheric conditions (3% CO2, 5% O2, 92% N2 and 96% humidity). The parasitemia was 
kept below 5%.  
2.5 Determination of parasitemia levels 
Small volumes of erythrocyte suspension were smeared over glass cover slips and fixed in 
absolute methanol, followed by a staining with 10% (v/v) Giemsa solution for 20 min. After 
washing and drying under nitrogen flow, the coverslips were mounted onto a light 
microscope using a 100 × oil-immersion objective. Parasitemia was estimated as a percentage 
from at least 1000 counted cells.  
2.6 Synchronization of P. falciparum using D-sorbitol 
P. falciparum induces additional pathways through the plasma membrane of the infected 
erythrocytes, often termed as new permeation pathways (NPP). Therefore, infected cells 
exhibit an increasing permeability to small solutes like D-sorbitol approximately 16 h post 
invasion. The incubation of infected erythrocytes older than 16 h with a D-sorbitol solution 
induces haemolyzation, while earlier parasite stages and uninfected erythrocytes are not 
affected.  
In a first step, erythrocytes were collected from culture by centrifugation at 500 × g for 2 min 
and washed with PBS buffer. The resulting pellet was resuspended in sorbitol lysis solution 
and incubated at 37°C for 5 min. Sorbitol lysis solution was removed by additional 
centrifugation, afterwards the pellet was resuspended into culture medium. To achieve a high 
temporal synchronicity of 4 to 6 hours, the synchronization steps were repeated again after 
12 h.  
2.7 Magnetic column isolation 
During intraerythrocytic development of P. falciparum, the parasite digests the host 
haemoglobin and stores the remaining haemozoin groups in heme crystals to avoid 
toxification (Chapter 4.2.2). Thereby the diamagnetic ferrous FeII of oxyhaemoglobin changes 
to the paramagnetic ferric FeIII of haemozoin. This phenomenon is exploited by magnetic 
column isolation to reach a purification of infected erythrocytes (trophozoite, schizont) up to 
~98%96, 97.  
In a first step, a magnetic activated cell sorting (MACS) separation column was mounted into 
the vario MACS magnetic support (Miltenyi Biotec, Bergisch Gladbach, Germany), filled with 
pre-warmed MACS buffer and incubated for 20 min at RT. Whole parasite cultures were 
loaded into the magnetic column. The culture volume traverses the column at a flow rate of 1 
drop/sec. Thereafter, non-interacting cells (uninfected and ring stages) were washed away 
by 50 ml of pre-warmed MACS buffer. Afterwards, the column was removed from the MACS 
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magnetic support and washed again with 10 ml of MACS buffer. The purified infected 
erythrocytes were washed three times in RPMI 1640 medium and counted using a particle 
counter (Z1, Beckman Coulter, Krefeld, Germany). Additionally, blood smears were produced 
to ensure the desired purification level.  
The obtained highly purified erythrocytes were used directly for experiments or to parasitize 
HbAS and HbAC cultures.  
2.8 Panning of P. falciparum to human dermal microvascular endothelial cells  
The P. falciparum FC3 parasites were panned against ICAM-1 and CD36 following the 
procedure by Claessens and Rowe98. The panning process was exclusively performed by Dr. 
Christine Lansche46. Briefly, infected erythrocytes at the trophozoite stage were co-incubated 
on a confluent layer of endothelial cells, expressing ICAM-1 and CD36. Non-sticking infected 
erythrocytes were removed by washing. Adhesive infected cells were kept in co-culture with 
the endothelial cells for 24 h and were harvested afterwards by vigorously washing with RPMI 
incomplete medium. The parasite binding capability was monitored using static adhesion 
assays46.  
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3 Interaction of infected red blood cells with key receptors 
The following chapters comprise a detailed study on the interaction of infected red blood cells 
with CD36 and ICAM-1 functionalized solid-supported lipid bilayers, that act as in vitro 
endothelial cell membrane models (Chapter 3.1). Under static condition, the adhesiveness 
was quantified by the critical pressure of detachment  as a function of mean 
intermolecular ligand distance 〈〉 of CD36 or ICAM-1, based on the cell detachment by laser 
induced pressure waves (Chapter 3.2). Additionally, the adhesion probability and the critical 
shear stress of detachment  were determined as a function of physiological shear stresses 
using parallel flow chambers (Chapter 3.3). The application of reflection interference contrast 
microscopy further provided a quantification of the adhesion area of individual cells (Chapter 
3.4). Each subchapter contains a detailed background description of the applied method, an 
overview of the experimental conditions and the obtained results.  
3.1 Endothelial cell model system 
3.1.1 Background on cell adhesion 
Classically, cell adhesion has been described as an interplay between different short-range 
attractive forces, mid-range generic repulsive forces and the elastic stresses due to the 
formation of an adhesion area99, 100. Thereby the attractive forces are originating from highly 
specific interactions between ligand-receptor pairs, while the repulsive forces are typically 
caused by neutral biopolymers constituting the glycocalix.  
In the case of an elastic shell, resembling an erythrocyte, the elastic free energy ∆ can be 
described according to the Helfrich theory of soft shells99, 100:  
  ∆ = − ! + ∆#$ + % &'( )∆ℎ(+),( + -( )∇ℎ(+),( + /(ℎ(+))0 +1 . 3-1 
The first term describes the change in free energy by the formation of specific-ligand receptor 
pairs inside the cell adhesion area  ! under the assumption of a homogenous binding 
energy per unit area . The binding energy density  = 2∆/2∆  is a function of the 
density of binders and their individual affinity, but also relates to the membrane elasticity and 
steric interactions87, 101. The second term describes the contribution of gravity102.  
The integral over the whole cell surface constitutes the energy contribution associated with 
the membrane bending modulus 4 and the membrane tension 5. The last term in equation 
(3-1) denotes to the effective interfacial potential /(ℎ(+) per unit area and consists of:  
  /)ℎ(+), ≅ /7)ℎ(+), + /$8)ℎ(+), + /9:)ℎ(+),.          3-2 
The first two terms denote to the potential create by two bare membranes in close proximity. 
The short-range hydration repulsion /7)ℎ(+), can be approximated phenomenologically 
as: 
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 /7)ℎ(+), = /<=>?/@       3-3 
With /< in the range of /< < 30 mJ m>( and a characteristic decay length of D < 1 nm.  
The attractive van der Waals (vdW) interactions arising from induced or permanent dipoles 
of the two layers are given by:  
 /$8)ℎ(+), = − F!12G H 1(ℎ + 2I)( + 1(ℎ)( + 1(ℎ + I)(J,          3-4 
with F! being the Hamaker constant with a typical range of F! ~ 10>(M J for phospholipid 
membranes. The last term in (3-2) describes the generic repulsion evoked from neutral 
polymers on the surface of the cell, which act as repellers : 
 /9:)ℎ(+), ≅ NG6 PQR5< H S#ℎ(+)J
( =>M.TH?(+)UV JW , ℎ ≫ S#PQR5<, ℎ ≪ S#,     
3-5 
where S# denotes to the radius of gyration of the polymer and 5< to the density of repellers. 
In many cases the generic potential /)ℎ(+), can be approximated as harmonic with an 
equilibrium height ℎ<:  
 /(ℎ(Z)) ≅ /< + M( [(ℎ − ℎ<)(, 3-6 
Where [ represents the effective spring constant of the potential100, 103. The harmonic 
potential often is corrected for the Helfrich repulsion as a consequence of the suppression or 
freezing of thermally and non-thermally excited membrane fluctuations:  
 /\])ℎ(Z), = (PQR)(4ℎ( . 3-7 
3.1.2 Mimicking endothelial cells 
In vitro model systems are used to investigate the interaction of cells either with a specific 
ligand species or directly with other cells or cell types. In the field of malaria research, the 
models for specific ligand studies often consist of plastic substrates covered with different 
concentrations of purified ligands104. On the other hand, cell-cell interactions are probed 
typically using confluent layers of vascular endothelial cells or human tissue samples46, 105, 106.  
 
Figure 3.1 | Schematics of functionalized solid-supported lipid bilayers. The variation of the molar fraction 
between the matrix lipid DOPC and the anchor or functionalization lipid DGS-NTA (Ni2+) allows to fine-tune the 
mean intermolecular distance 〈〉 on a nanometer scale. The P. falciparum targets (a) CD36 and (b) ICAM-1 are 
bound to DGS-NTA (Ni2+) via a poly-histidine tag.  
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Yet, the first model can suffer from ill-defined local ligand densities and doesn’t allow for 
lateral movement of the deposited receptors. The second model does not allow to derive the 
role of a specific ligand type, since living cells typically express a large variety of receptors 
with highly variable receptor densities.  
In vitro models based on solid-supported lipid bilayers functionalized (shortened as 
functionalized bilayers) with single receptor species allow to quantitatively probe the role of 
specific receptors. They consist of a single phospholipid bilayer deposited onto a glass 
substrate (Figure 3.1). The in cooperation of phospholipids coupled to specific ligands at fixed 
molar ratios allow to fine-tune the intermolecular ligand distance 〈〉 on a nanometer scale82, 
85. Additionally, the phospholipid bilayer provides a high lateral ligand mobility, similar to 
those in biological membranes86.  
3.1.3 Experimental realization 
3.1.3.1 Buffers 
All chemicals used to prepare aqueous buffer solutions were purchased either form Karl Roth 
(Karlsruhe, Germany), Thermo Fisher Scientific (Waltham, USA) or Sigma-Aldrich Co. (St. 
Louis, USA).  
HBS-buffer: 
10 mM HEPES and 150 mM NaCl at pH 7.5. 
HBS-Ni2+ loaded-buffer: 
10 mM HEPES, 150 mM NaCl and 1 mM NiCl2 at pH 7.5. 
HBS-Ca2+ loaded-buffer: 
10 mM HEPES, 150 mM sodium chloride and 1 mM CaCl2 at pH 7.5. 
3.1.3.2 Lipids and proteins 
 
Figure 3.2 | Synthetic phospholipids. Solid-supported membranes are composed of (a) the matrix phospholipid 
DOPC and (b) the functionalization lipid DOGS-NTA (Ni2+) mixed at different molar ratios.  
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1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, Figure 3.2) and 1,2-dioleoyl-sn-glycero-3-
[(N-(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl] (nickel salt) (DOGS-NTA (Ni2+), 
Figure 3.2) were purchased from Avanti Polar Lipids (Alabaster, USA). Hexa-histidine-tagged 
human proteins ICAM-1 and CD36 were purchased from Thermo Fischer Scientific (Waltham, 
USA).  
3.1.3.3 Substrates 
Glass substrates were cleaned based on a modified RCA protocol107 consisting of consecutive 
sonication steps in acetone, ethanol, methanol, water and a 1 : 1 : 5 (v/v/v) solution of 
H2O2(30%)/NH4OH(25%)/H2O each for 3 min at room temperature. Thereafter, substrates 
were incubated in this solution for 30 min at 60°C, followed by intensive rinsing with 
ultrapure water. Finally, the substrates were dried at 70°C and stored in a vacuum chamber 
at room temperature.  
For laser induced pressure wave experiments (Chapter 3.2), round microscopic glass slides 
(Ø =  28 mm) from Gerhard Menzel Gmbh (Braunschweig, Germany) were glued to 
bottomless culture dishes purchased from Ibidi (Martinsried, Germany) using 
polydimethylsiloxane (SYLGARD184) purchased from Dow Corning Co. (Shanghai, China). 
For flow based experiments (Chapters 3.3 and 3.4) bottomless plastic parallel flow chambers 
(µ-Slide VI0.4) were glued to 25 ×  75 mm( microscopic grade glass slides, purchased from the 
same respective companies.  
3.1.3.4 Vesicle preparation 
DOPC and DOGS-NTA (Ni2+) stock solutions (5 mg/mL, CHCl3) were mixed at different molar 
ratios a. Thereafter, the obtained solutions were dried under a gentle stream of nitrogen gas 
and stored under vacuum conditions to remove residual chloroform. The dried lipids were 
resuspended (0.5 mg/mL) in HBS-buffer and sonicated using a titanium micro-tip sonicater 
(Misonix, Farmingdale, USA) for 30 min to create small unilamellar vesicles (SUV). Residual 
titanium was removed by centrifugation of the vesicle suspensions (13400 rpmi, 10 min).  
3.1.3.5 Deposition of supported membranes and functionalization 
The lipid vesicle suspensions were incubated inside the respective chambers for 1 h at room 
temperature. Solid-supported lipid bilayers were formed by vesicle fusion108. Excess SUVs 
were removed by intensive rinsing with HBS-Ni2+ loaded-buffer, followed by an incubation 
period of 1 h to saturate the nickel chelating nitrilotriacetic acid (NTA) headgroups. 
Afterwards, the chambers were rinsed with HBS-Ca2+ loaded-buffer and the protein solutions 
(50 µg/mL) was added and incubated overnight at room temperature. The intermolecular 
distance 〈〉 of the monomerly incorporated lipid anchors, and therefore the mean 
intermolecular ligand distance was calculated using the molar ratios a and a lipid head area 
size of b: ~ 65 Å(109, 110:  
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 〈〉 =  defghgij . 3-8 
The binding between histidine tagged proteins and NTA group carrying lipids was intensively 
studied by our group using quartz-crystal microbalance with dissipation109 and grazing 
incidence X-ray fluorescence109, 111. The quality of the solid-supported lipid bilayers, the 
functionality of the NTA-histidine binding as well as the homogenous covering with both 
CD36 and ICAM-1 were tested on a regular basis (Supporting Figure 8.1).  
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3.2 Pressure wave based evaluation of cell adhesion strength 
3.2.1 Background on the quantification of cell adhesion strength  
In the past a variety of methods has been developed to quantify the mechanical strength of 
binding between an individual adherent cell and its respective target (e.g. adjacent cells, 
single receptors or functionalized artificial membranes). The most popular among these 
methods are micropipette aspiration112, 113, cell manipulation by optical or magnetic 
tweezers114, 115, 116, 117, or atomic force microcopy (AFM) peeling118, 119, 120. All techniques probe 
the adhesion strength differently and are limited to a specific range of applied forces/stresses 
and the corresponding resolution (Table 3-1).  
 
Figure 3.3 | Comparison of techniques used to determine the mechanical strength of an adherent cell and 
its respective binding partner. Cell-cell adhesion is highlighted in red and adhesion to the specific ligands in 
yellow. (a) Adhesion strength is probed as a function of applied sucking pressure in the connected capillary. (b) 
Functionalized dielectric microbeads are attached to the cell membrane. Force is applied by displacing the laser 
focus and subsequently the position of the bead. (c) Force is induced by displacing functionalized magnetic beads 
adherent to the cell surface via an external magnetic field. (d) Force is induced directly by mechanically displacing 
a functionalized adherent bead.  
There are three general disadvantages all presented techniques share. (1) The adhesion 
strength is determined non-contact-free, (2) the techniques usually are highly time-
consuming and therefore yield poor statistics, and (3) due to the small loading rates the 
inelastic cell response is included in the derived values.  
Table 3-1 | Comparison of techniques used to study the cell-cell or cell-substrate adhesion strength.  




Micropipette Aspiration 0-700 Pa (0.1 Pa)113, 121 5-10 
Optical Tweezers 0-300 pN (5 pN)114, 115   5-10 
Magnetic Tweezers 0-120 pN (1 pN)122         5-10 
Atomic Force Microscopy 0-20   nN (1 pN)123         1-5   
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An elegant technique, circumventing these three disadvantages, is the quantification of 
adhesion strength based on picosecond laser pulse induced pressure waves124. As depicted in 
Figure 3.4 the setup consists of an infrared picosecond laser focused above a planar substrate. 
Due to high energy input per pulse (~25 mJ) combined with a short pulse duration (~28 ps 
FWHM) the aqueous medium evaporates forming a cavitation bubble125, 126. Both the 
formation and the collapse of this cavitation bubble generate intensive pressure waves able 
to detach cells from the substrate. Thereby, the nature of the pressure waves, characterized 
by their supersonic propagation velocity (/k9 ~ 1640 ms>M) combined with the already 
mentioned pulse duration, largely hampers any inelastic responses of the cells124.  
 
Figure 3.4 | Experimental setup for picosecond laser pulse induced supersonic pressure waves. Single 
laser pulses are focused at distance ℎno\p above the substrate. Cell detachment events due to the propagating 
pressure wave are recorded as a function of radial distance qno\p to the focal point.  
3.2.2 Experimental realization 
3.2.2.1 Picosecond laser pulse setup and calibration 
The experimental setup consisted of a Nd:YAG laser system (D = 1064 nm, rs\bp9,tu = 25 mJ, FWHM = 28 ± 3 ps, EKSLPLA, Vilnius, Lithuania) coupled to an inverted microscope (Eclipse 
TE2000-U, Nikon, Amstelveen, Netherlands Europe). The measurement chamber was 
prepared as previously described (Chapter 3.1.3). All experiments were conducted after cells 
were incubated for 1 h on the substrates at cell densities below 200 cells/mm2. Infected 
erythrocytes (RPMI-BSA) were kept at 37°C using a self-built cell incubation chamber. Laser 
pulses were focused at ℎno\p = 500 µm above the substrate surface using a 10x/0.30 
objective. Images were taken two times before and two times after the laser pulse was applied 
for different radial positions covering the range of qno\p = 0 − 5.7 mm (Figure 3.4).  
Prior or directly following each experiment, the system was calibrated using a piezo electric 
hydrophone (Müller Instruments, Oberursel, Germany), yielding the hydrodynamic pressure  as a function of the applied laser pulse energy rs\bp9 and as a function of the radial distance qno\p from the focal point (Figure 3.5).  
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3.2.2.2 Categorization of adherent vs non-adherent cells  
In a first step, the position of each individual cell was determined from the two image 
sequences taken before the application of the laser pulse {|,M and {|,( and after the application 
of the laser pulse {e,M and {e,( based on an edge detection algorithm. Cells loosely hovering 
above the substrate were identified by their movement between {|,M and {|,( (caused by the 
microscope table movement) and excluded from further analyses. Thereafter, cells were 
categorized as adhesive, if their center of mass position (CM) did not change by more than a 
third of their diameter ∆ = 2.5 µm between the image series {|,( and {e,M and as detached 
otherwise. To correct for cells that were detached but didn’t exhibit lateral movement, cells 
moving between {|,M and {|,( were also categorized as detached. Cells found at a distance qno\p < S}~ = 1.2 mm were not subjected to the analyses to avoid artefacts due to the direct 
exposure to the cavitation bubble (Supporting Information 8.3.3).  
Lastly, the cell position was converted to “experienced pressure” based on the corresponding 
calibration functions (qno\p) and  (rs\bp9).  
 
Figure 3.5 | Pressure wave calibration. (a) Pressure  as a function of radial distance from the laser focus point qno\p using a constant laser energy of rs\bp9 = 7.5 mJ and the corresponding power law coefficient. (b) Linear 
dependency of applied pressure  as a function of the laser pulse energy rs\bp9 measured at a constant distance 
of qno\p = 2 mm.  
3.2.3 Results  
As a first step, the adhesion strength was determined for infected wildtype erythrocytes 
(iHbAA) adhering to CD36 and ICAM-1 functionalized bilayers with varying mean 
intermolecular ligand distances 〈〉 (Figure 3.6 a, b). The critical pressure of detachment  
was calculated based on the assumption that the population follows a Gaussian distribution 
characterized by  with a standard deviation 5. Consequently, the pressure dependent 
fraction of detached cells a() should follow:  
  a() = 12 (1 − a) Herf H − √25 J + 1J + a, 3-9 
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where a denotes to the fraction of unbound cells before the laser pulse. It should be noted 
that this fraction was not excluded during the first categorization presented above (Chapter 
3.2.2.2). The measured data sets exhibited the sigmoidal trend as predicted by equation (3-9) 
independent of the ligand type or the mean intermolecular ligand distance 〈〉. Thereafter, the 
experiments were performed using infected haemoglobinopathic erythrocytes (iHbAS, sickle-
cell trait) (Figure 3.6 c, d).  
 
Figure 3.6 | Detachment of adherent cells by picosecond laser pulse induced pressure waves. (a) 
Representative data sets depicting the fraction of detached cells a  as a function of sustained pressure  for 
infected wildtype (iHbAA) erythrocytes. Cells were seeded onto CD36 functionalized bilayers at various 
intermolecular ligand distances 〈〉. Single data points correspond to 50 individual cells. Vertical arrows indicate 
the critical pressure of detachment derived by fitting the data to equation (3-9) (b) Corresponding data sets for 
infected wildtype erythrocytes on ICAM-1 functionalized bilayers. (c), (d) Respective data sets using infected 
haemoglobinopathic (iHbAS) erythrocytes.  
The dependency of  on 〈〉 was probed for 〈〉 = 7 − 94 nm (Figure 3.7). In the case of 
CD36,  was found to monotonically decrease with increasing 〈d〉 for both iHbAA and 
iHbAS. The obtained ,!!,(〈〉) for infected wildtype erythrocytes were found to be 
significantly higher than corresponding values ,!,(〈〉) of haemoglobinopathic 
erythrocytes according to a a(-test ( = 0.01). The values for the critical shear stress as a 
function of the intermolecular ligand distance obtained for ICAM-1 were comparable between 
iHbAA and iHbAS. In contrast to CD36, a clear decrease of the critical pressure values was only 
prominent beyond 〈〉 = 24 nm.  
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The application of an empirical Hill function yielded the critical distance 〈〉 characterizing 
the transition between binding and unbinding127:  
  
 (〈〉) = ,] + ,u − ,] 1 + H 〈〉〈〉J
 , 3-10 
where the maximum and minimum observed critical pressures are represented by ,u 
and ,] , respectively.  denotes to the cooperative coefficient and describes the steepness 
of the transition. For CD36 the transition for infected wildtype erythrocytes occurred at 〈!!,〉 ~ 33 nm, while the transition for infected haemoglobinopathic erythrocytes 
was found already at 〈!,〉 ~ 21 nm. The corresponding cooperativity coefficients 
of !!, ~ 3 and !, ~ 5 suggest a cooperative nature of the CD36 to PfEMP1 
interaction. In the case of ICAM-1 slightly higher values for the critical distances 
of 〈!!,!t>M〉 ~ 37 nm and 〈!,!t>M〉 ~ 33 nm were obtained. The cooperative 
coefficient was significantly higher compared to CD36 reaching !!,!t>M ~ 6 and !,!t>M ~ 9, respectively.  
 
Figure 3.7 | Critical pressure of detachment  as a function of mean intermolecular ligand distance 〈〉. 
Data were fitted to equation (3-10) yielding the critical distance of the binding-unbinding transition 〈〉 and 
the cooperativity coefficient . Summarized data for infected HbAA and HbAS erythrocytes on (a) CD36 and (b) 
ICAM-1 functionalized bilayers.  
3.2.3.1 Statistics 
Data was obtained from at least three independent experiments using blood from at least 3 
different donors both for HbAA and HbAS. If not stated otherwise the presented values 
correspond to mean value and standard deviation.  
3.2.4 Discussion 
Recently, the quantification of adhesion strength based on laser induced pressure waves has 
been successfully demonstrated for P. falciparum infected erythrocytes adhering to CSA 
functionalized bilayers and for human hematopoietic stem and progenitor cells adhering to 
SDF1α83, 84. In this study the extension of the observed adhesion area together with the 
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automated detection of cell positions allowed to probe the population characteristics with an 
unmatched cell statistics (>250 cells per single laser shot). Consequently, single data sets 
were well fitted assuming that the population characteristics follow a Gaussian distribution 
(Figure 3.6).  
Firstly, the experiments were performed on infected wildtype erythrocytes to establish 
proper reference data and to gain insight into the different characteristics of the two receptor 
species CD36 and ICAM-1 and thereafter compared to infected haemoglobinopathic 
erythrocytes at corresponding experimental conditions.  
Probing the adhesion strength of iHbAA as a function of mean intermolecular ligand distance 
of CD36 revealed a clear binding-unbinding transition at 〈!!,〉 ~ 33 nm, 
corresponding to a receptor density of 5<, ~ 1000 × 10 mm>(. In comparison, the 
density of CD36 expressed on human dermal microvascular endothelial cells (HDMEC) is 
reported to be in the range of 5<,,t ~ 90 × 10 mm>( corresponding to a mean 
intermolecular ligand distance of 〈〉,t ~ 110 nm128. Even though this value is 
significantly higher compared to 〈!!,〉 ~ 33 nm, parasites are able to bind firmly to 
HDMECs128. A convincing explanation for this apparent discrepancy could be based on the 
results of force measurements performed by Davis et al. using atomic force microscopy. 
According to their results, the binding between HDMECs and infected erythrocytes 
significantly increases over time due to the parasites ability to “activate” HDMECs (termed 
“parasite induced cell activation”). In the case of CD36 the adaptor protein P130CAS is 
triggered resulting in the clustering of CD36 at the binding sites129. Although the resulting 
local CD36 densities are not known from their experiment, the data presented here indicate 
that the CD36 density needs to increase locally by a factor of ~10 to provide firm adhesion 
conditions. The increase in binding strength due to receptor clustering is additionally 
reflected in the observed cooperative binding character between CD36 and PfEMP1 
expressed by a positive cooperativity factor of  !!, ~ 3.  
The experiments performed on infected haemoglobinopathic erythrocytes revealed ~15% 
lower critical pressures of detachment for all probed ligand distances compared with the 
corresponding data for infected HbAA erythrocytes. The binding-unbinding distance was 
found to be 〈d!,〉 ~ 21 nm. In a first step, the morphological differences were taken 
into consideration, to help interpreting this result. 
The mean knob diameter and knob densities for infected HbAA and HbAS erythrocytes were 
determined by scanning electron microscopy (Supporting Figure 8.4, the experiments and the 
measurement of knob diameter and knob densities were performed by Dr. Marek Cyrklaff, 
Center for Infectious Diseases, Heidelberg University Hospital). The mean knob diameters for 
infected HbAA and HbAS were found to be ]o,!! = 72 ± 21 nm and ]o,! = 191 ±99 nm, respectively, with corresponding knob densities of 5]o,!! = 14 ± 4 µm>( and 
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5]o,! = 3 ± 2 µm>(. Assuming that knobs resemble half spheres, on can calculate the 
unit-less effective knob areas: 
   = 2G H2J
( 5. 3-11 
The effective knob area for iHbAS of ! = 0.16 was significantly higher than the 
corresponding value obtained for iHbAA with !! = 0.12. This results indicate, that the 
reported difference in the PfEMP1 expression level might be responsible for the reduced 
adhesion strength49, 130. Yet, to quantify the differences in expression level from the 
differences in adhesion strength alone, one would neglect the influence of several factors 
according to equation (3-1):  
• Influence of differences in cell mechanics as characterized by the membrane tension 5 and the membrane bending modulus 4 (Chapter 4.1).  
• Influence of the distribution and orientation of individual PfEMP1 in each single knob 
as characterized by an effective adhesion energy density per knob ]o.  
• Influence of the actual knob height on the interaction potential /(ℎ(+)) due to 
electrostatic shielding of the positively charged knobs131 by the negatively charged 
glycocalix132, 133.  
Although this thesis sheds light on the first factor, the other factors demand further studies.  
In a next step, the experiments were performed on ICAM-1 functionalized bilayers. In the case 
of infected wildtype erythrocytes a binding-unbinding transition was observed at 〈!!,!t>M〉 ~ 37 nm. Following the consideration similar to the case of CD36, one 
needs to regard the mean intermolecular ligand distance of ICAM-1 on HDMECs, which can be 
calculated to be 〈〉!t>M,t ~ 440 nm128. Recently, Lansche et al. reported an increase in 
surface expression of ICAM-1 induced by infected wildtype erythrocytes binding to HDMEC 
monolayers46, 134. This type of HDMEC activation is based on signal cascades via the nuclear 
factor κB46, 135. The presented results indicate that parasite induced cell activation could be 
the main reason to achieve firm adhesion to ICAM-1 and that a ligand distance of 〈!!,!t>M〉 ~ 37 nm could represent the ICAM-1 surface expression level of an 
activated HDMEC. Similarly to CD36, the binding between ICAM-1 and PfEMP1 was found to 
be highly cooperative with !!,!t>M ~ 6.  
In contrast to CD36, the data obtained for infected haemoglobinopathic erythrocytes on 
ICAM-1 functionalized bilayers were comparable to the corresponding wildtype data. 
Following the line of arguments one might therefore conclude, that the discussed influencing 
factors of the adhesion strength, like the differences in cell mechanics or differences in knob 
morphology, are rather irrelevant for the ICAM-1 mediated adhesion under static conditions.  
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3.2.5 Summary 
Cell detachment by pico-second laser induced pressure waves allowed to probe the adhesion 
strength with high cell statistics. The experiments on P. falciparum infected erythrocytes on 
CD36 and ICAM-1 functionalized solid-supported lipid bilayers revealed clear binding-
unbinding transitions at low intermolecular ligand distances between of 〈〉 ~ 21 − 37 nm. 
The interaction between PfEMP1 and CD36/ICAM-1 displayed positive cooperative 
characteristics. The results indicate that the parasite mediated activation of HDMECs 
reported recently in literature, might be necessary to generate firm adhesion conditions by 
clustering of receptors (CD36) or by increased receptor expression levels (ICAM-1). Infected 
haemoglobinopathic erythrocytes exhibited a reduced binding strength to CD36 compared to 
infected wildtype erythrocytes. In contrast, the adhesion strength between iHbAA and iHbAS 
was comparable for ICAM-1. 
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3.3 Dynamic interaction of infected red blood cells  
3.3.1 Background on cell adhesion and cell detachment as function of shear 
stress 
Cell adhesion is mediated by noncovalent interactions between single receptor-ligand pairs. 
The corresponding interaction energy landscape displays a potential minima (Figure 3.8 a), 
corresponding to the bound state. Transition to the unbound state is possible by passing the 
transition-state energy barrier ∆r and associated with the bond dissociation rate Po< 136, 137:  
  Po< ~ => ∆ ¡¢ 3-12 
The application of an additional external force £ leads to an decrease of the barrier height:  
  Po¤< ~ =>∆>¥¦ ¡¢ = Po<= ¥¦ ¡¢ = Po<= ¦ , 3-13 
where Z§ denotes to the distance between potential minima and transition-state barrier. £§ 
describes the characteristic force scale of the receptor-ligand pair. Equation (3-13) describes 
a “slip-bond” that becomes short-living when exposed to an external force (Figure 3.8 b).  
 
Figure 3.8 | Interaction energy and characteristics of ligand-receptor bonds. (a) Interaction energy 
landscape of a noncovalent receptor-ligand bond. Passing the energy barrier ∆r corresponds to the switching 
between the bound state (potential minimum) and the unbound state (Z → ∞). Due to the application of external 
stimuli in the form of the force £ , the energy barrier decreases to ∆r − £Z§  leading to an increase in the bond 
dissociation rates. (b) Bond lifetime of slip-bond (equation 3-12) and catch-slip-bond (equation 3-14) type of 
ligand-receptor bonds.  
Another important type of bond is the “catch-slip-bond” that initially displays an increase in 
bond lifetime with increase of force. Yet, beyond a transition region, they are 
indistinguishable from slip-bonds (Figure 3.8 b). Evans et al. described them in their “two 
bounds states, two dissociation pathways model”138. In this model the ligand-receptor bond 
switches rapidly between two binding states I and II under equilibrium conditions. Binding 
states I and II are associated with a high but constant dissociation rate Po  and a small but 
force dependent dissociation rate Po , respectively139:  
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   Po¤< = Po «< + Po  =/¬↔¬¬=/¦«< + =/¬↔¬¬ , 3-14 
where «< = =∆®¬↔¬¬¯¡°  denotes to the equilibrium occupancy ratio between state I and II and ∆r↔ describes the small energy difference between them. The combined dissociation rate Po¤< becomes dependent on the applied force £ and the bond specific force scale £↔.  
3.3.2 Experimental realization 
The adhesive behavior of uninfected and infected erythrocytes was quantified using parallel 
flow chambers combined with functionalized bilayers. The measurement chamber was 
prepared as previously described (Chapter 3.1.3) and connected to a high precision syringe 
pump (Harvard Apparatus, Holliston, USA), mounted onto an Axio Observer Z.1 inverse 
microscope (Zeiss, Oberkochen, Germany) equipped with a 40x/1.3 oil-immersion objective 
and an ORCA-Flash4.0 LT CMOS camera (Hamamatsu Photonics, Hamamatsu, Japan).  
RPMI-BSA (Chapter 2.2) containing 106 cells/mL at 37°C  was flushed through the chambers 
at different shear stresses covering the physiological shear stress range of  = 0.03 − 0.3 Pa 
characteristic for the post-capillary venules140. For each condition the total number of 
attached cells was recorded after 15 min of experiment time by taking 40 bright field images 
equivalent to a total observed area of ~4.4 mm2.  
Substrates, populated with iRBCs at 0.03 Pa were further used to determine the critical shear 
stress of detachment. For this purpose, the chambers were flushed with RPMI-BSA at stepwise 
increasing shear stresses, ranging from 0.05 to 4.0 Pa. Each shear stress condition was applied 
for 15 min, followed by the determination of the number of remaining cells for the same 
observed area size as previously mentioned.  
3.3.3 Results 
3.3.3.1 Binding of infected erythrocytes to CD36 and ICAM-1 under physiologic shear stresses 
Functionalized bilayers in combination with parallel flow chambers allowed to quantify the 
adhesive capabilities of infected erythrocytes in terms of observed shear stress dependent 
binding events ²(, 〈〉) (Figure 3.9 a).  
Between 0.03 Pa and 0.30 Pa the number of binding events ²(, 〈〉) decreased gradually for 
infected wildtype erythrocytes adhering to CD36 functionalized bilayers (Figure 3.9 b). 
Thereby, ²(, 〈〉) was significantly reduced from ²!!,(0.03 Pa, 11 ³) = 185 mL>Mmm>( to ²!!,(0.10 Pa, 11 nm) =  15 mL>Mmm>(.  
The binding to ICAM-1 displayed similar characteristics (Figure 3.9 c) with ²(, 〈〉) 
decreasing gradually for higher shear stresses. Consequently, ²(, 〈〉) was reduced from ²!!,!t>M(0.03 Pa, 11 nm) =  245 mL>Mmm>( to ²!!,!t>M(0.10 Pa, 11 ³) = 38 mL>Mmm>(.  
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Probing ²(, 〈〉) at higher shear stresses typically yielded poor statistics with ²(0.03 Pa, 11 ³) ~ 0 − 2mL>Mmm>( observed for both CD36 and ICAM-1.  
 
 
Figure 3.9 | Probing the adhesive capabilities of infected erythrocytes. (a) Experimental setup combining a 
parallel plate microfluidic chamber with a functionalized bilayer. (b) and (c) Slip bond behavior observed for both 
CD36 and ICAM-1 (〈〉 = 11 nm) under physiological shear stresses. Infected haemoglobinopathic erythrocytes 
display strongly reduced binding capabilities.  
The number of binding events ²() to CD36 and ICAM-1 of infected haemoglobinopathic 
erythrocytes displayed a similar shear dependent decrease (Figure 3.9 b, c). Yet, the ²() was 
significantly reduced, e.g. ²!,( = 0.03 Pa, 〈〉 = 11 nm) =  117 mL>Mmm>( and ²µ!,!t>M( = 0.03 Pa, 〈〉 = 11 nm) =  79 mL>Mmm>(, corresponding to a reduce of 
37% and 68%, respectively, compared to data obtained for infected wildtype erythrocytes at 
the same conditions.  
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Figure 3.10 | Binding of infected erythrocytes to functionalized solid-supported lipid bilayers. Number of 
binding events ² as a function of intermolecular ligand distance 〈〉 and applied shear stress  for infected 
wildtype (iHbAA) erythrocytes to (a) CD36 and (b) ICAM-1. (c) and (d) Corresponding data obtained for infected 
haemoglobinopathic (iHbAS) erythrocytes.  
Further experiments were performed, varying the mean intermolecular ligand distances 
between 〈〉 = 7 − 67 nm. In fact, ²(, 〈〉 = const. ) displayed the same shear depend 
binding for both receptor types and both blood types for all probed intermolecular ligand 
distances 〈〉 (Figure 3.10). The influence of the ligand distance on ²( = const. , 〈〉) was 
most prominent at  = 0.03 Pa. Increasing the intermolecular ligand distance of CD36 or 
ICAM-1 to 〈〉 = 67 nm, resulted in a significant reduction in binding events of ~50% for 
iHbAA for both ligand species and >60% for iHbAS, compared to the corresponding values 
obtained for 〈〉 = 11 nm. Control experiments conducted with uninfected erythrocytes 
showed no binding events for CD36 nor ICAM-1 for both HbAA and HbAS.  
3.3.3.2 Adhesion sustainability 
The adhesion strength was quantified using the classical approach of exposing bound cells to 
stepwise increasing shear stress conditions. After the application of each shear stress 
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condition the number of adherent/remaining cells ²ewas determined (Figure 3.11), yielding 
the critical pressure of detachment  following: 
  ²!() = ¹º»( ¼−erf ¼½>½¾¿ÀÁ√(- Â + 1Â, 3-15 




Figure 3.11 | Probing the adhesion strength of infected erythrocytes initally bound to CD36 and ICAM-1 
functionalized bilayers at physioglical flow conditions. (a) Infected erythrocytes are detached under stepwise 
increasing shear stress conditions. (b) Representative data sets depicting the number of remaining infected 
wildtype erythrocytes as a function of the applied shear stress  and the intermolecular ligand distance 〈〉 for 
(b) CD36 and (c) ICAM-1. (d) and (e) Corresponding data sets for infected haemoglobinopathic erythrocytes. Data 
points were fitted to equation (3-15). 
In a first step, experiments were performed for infected wildtype erythrocytes adhering to 
CD36 or ICAM-1 functionalized bilayers. The resulting detachment curves (Figure 3.11 b, c) 
all exhibited a clear transition from binding to unbinding as predicted by equation (3-15). The 
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critical shear stress values  decreased as a function of intermolecular ligand distance 〈〉, 
reflected in a shift of the corresponding data curves to the left. Representative data obtained 
for infected haemoglobinopathic erythrocytes depicted similar characteristics (Figure 3.11 d, 
e).  
Probing  as a function of mean intermolecular ligand distance between 〈〉 = 7 − 67 nm 
revealed clear differences between the ligand species CD36 and ICAM-1 independent of blood 
type (Figure 3.12). For CD36 the highest critical shear stresses were observed at 〈〉 = 7 nm 
for both infected wildtype and haemoglobinopathic erythrocytes with  ,!!, ~ 2 Pa 
and ,!, ~ 0.8 Pa, respectively. In clear contrast to this, the corresponding data for 
ICAM-1 exhibited a local maximum around 〈〉 = 11 nm with ,!!,!t>M ~ 2.2 Pa and ,!,!t>M ~ 1.2 Pa, whereas lower intermolecular distances resulted in a significantly 
reduced binding strength.  
 
Figure 3.12 | Critical shear stress of detachment Ã as a function of mean intermolecular ligand distance 〈〉. Summarized data for infected HbAA and HbAS erythrocytes on (a) CD36 and (b) ICAM-1 functionalized 
bilayers.  
Yet, both CD36 and ICAM-1 share the general feature of reduced critical shear stresses 
observed for iHbAS compered to iHbAA (a(-test,  = 0.01). Thereby, iHbAS displayed very 
poor binding strengths at ligand distances of 〈〉 = 67 nm with 2 to 3 times reduced critical 
pressures in the range of only ~0.1 Pa, compared to iHbAA. 
The critical distance describing the binding-unbinding transition 〈〉 was derived from an 
empirical Hill function127:  
 
 (〈〉) = ,] + ,u − ,] 1 + H 〈〉〈〉J
 , 
3-16 
where ,u and ,] denote to the maximum and minimum observed value of  and  to the cooperativity coefficient.  
Although the experiments with infected wildtype erythrocytes iHbAA yielded significantly 
higher critical shear stresses for all intermolecular distances of CD36 compared to infected 
haemoglobinopathic erythrocytes, the binding-unbinding transition was found at a lower 
32 Interaction of infected red blood cells with key receptors 
 
value with 〈〉,!!, = 13 nm against 〈〉,!, = 26 nm. Yet, the cooperative 
factors were comparable with !!, = 2.9 and !, = 2.5.  
Equation (3-16) cannot capture local maxima characteristics as displayed for ICAM-1. Due to 
the poor resolution in 〈〉, resulting in a single data point covering the maxima region, double 
sigmoidal curve approaches did not converge. To capture the course of the curve, a single 
Gaussian was added to equation (3-16). Thereafter, the binding-unbinding transitions were 
found at 〈〉,!!,!t>M = 20 nm and 〈〉,!,!t>M = 32 nm for iHbAA and iHbAS, 
respectively. The cooperativity factors were comparable with !!,!t>M = 4.3 and !,!t>M = 5.0. From the single Gaussian, the maxima for the critical shear stress of 
detachment were found at 12 nm for iHbAA and 14 nm for iHbAS. 
3.3.3.3 Statistics 
Data was obtained from at least three independent experiments using blood from at least 3 
different donors both for HbAA and HbAS. If not stated otherwise the presented values 
correspond to mean value and standard deviation. 
3.3.4 Discussion 
The capability of P. falciparum infected erythrocytes to adhere to human dermal 
microvascular endothelial cells (HDMEC) is vital for the parasites proliferation by avoiding 
splenic clearance36, 141. Functionalized solid-supported lipid bilayers in combination with 
parallel flow chambers provide a sophisticated in vitro model to study the specific role of 
single receptor species under physiological shear stress conditions84.  
Infected erythrocytes were found to bind to CD36 and ICAM-1 in a shear dependent manner, 
suggesting slip-bond characteristics for the CD36-PfEMP1 and the ICAM-1-PfEMP1 ligand 
pairs. This seems to coincide with previous studies based on parallel flow chambers using 
plastic substrates coated with purified CD36 and ICAM-1 and on studies based on the binding 
to microvascular endothelial cells expressing both receptor species134, 142, 143. However, it 
should be noted that recent studies based on force measurement using AFM, revealed catch-
slip-bond characteristics for ICAM-1 – PfEMP1 at shear stresses below 0.045 Pa144.  
An increase in the mean intermolecular ligand distance lead to a decrease in the number of 
binding events. This effect was most prominent at 0.03 Pa, where the change from 〈〉 =11 nm to 〈〉 = 67 nm was accompanied by a decrease of binding events by roughly 50% for 
both CD36 and ICAM-1. Interestingly, the number of binding events at 〈〉 = 67 nm did not 
reach zero, indicating that binding at low shear rates might also be possible for intermolecular 
distances not investigated in this study.  
The number of observed binding events was strongly reduced for infected 
haemoglobinopathic erythrocytes (iHbAS) compared to infected wildtype erythrocytes 
(iHbAA) independent of the ligand species. This finding is supported by previous studies 
investigating the binding to microvascular endothelial cells78, 79, 134. Since the effective knob 
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area was found to be ~30% larger for iHbAS compared to iHbAA (Chapter 3.2.4, Supporting 
Figure 8.4), the reduction in binding events could confirm a reduced expression of PfEMP1. 
Additionally, the abnormal knob distribution and differences in cell mechanics might 
contribute negatively to the binding capabilities of infected haemoglobinopathic 
erythrocytes145.  
For carries of the sickle trait, who suffer from malaria, the reduced binding probability indeed 
could lead to an overall delayed progression of the infection, since a higher fraction of infected 
erythrocytes would be exposed to splenic clearance. Indeed, the number of freely circulating 
infected erythrocytes was reported to be higher in patients carrying HbAS146.  
Naturally, the number of freely circulating infected erythrocytes is reduced by binding events 
to endothelial cells, but will further increase once an infected cell is prematurely (before 
reaching to the schizont stage) detached. Therefore, the adhesion strength was quantified 
based on the critical shear stress of detachment, obtained by stepwise increasing shear stress 
conditions. 
The experiments revealed distinct differences between the binding strength to CD36 and 
ICAM-1 as a function of their respective intermolecular ligand distance. While the adhesion 
strength of CD36 monotonically increased by decreasing the intermolecular ligand distances, 
ICAM-1 displayed a maximum around 12 nm. Smaller ligand distances led to a significant 
decrease in the binding strength, which could be attributed to steric hindrance of the receptor. 
Interestingly, the binding site of ICAM-1 to PfEMP1 was found to be shear dependent147. 
Chakravorty et al. found that mutations of ICAM-1 at the side of the protein lead to significant 
reduction in cytoadherence under flow, while mutations at the top did influence the binding 
strength mainly under static conditions147. This finding would support the explanation of 
steric hindrance due to the high ligand density. Furthermore, it could also explain, why such 
a decrease in adhesion strength for ICAM-1 at low intermolecular ligand distances was not 
prominent under static conditions (Chapter 3.2.4).  
The majority of infected wildtype erythrocytes sustained firm adhesion under naturally 
occurring shear stresses for both CD36 and ICAM-1 for the intermolecular distance range 
between 〈〉 = 7 − 67 nm. In contrast, the reduced binding strength of the majority of iHbAS 
demanded for ligand distances below ~35 nm to be able to sustain binding to CD36 and ICAM-
1 functionalized bilayers.  
Although the intermolecular ligand distance range was not extended above 67 nm, the results 
indicate that the binding of iHbAS to HDMECs expressing CD36 and ICAM-1, with reported 
ligand distances of 〈〉,t ~ 110 nm and 〈〉!t>M,t ~ 440 nm128, might be very 
weak and therefore unable to sustain natural occurring shear stresses long enough to pass 
through the parasite maturation process.  
Ligand distances of CD36 and ICAM-1 below 17 nm allowed a fraction of adherent iHbAA to 
sustain shear stresses beyond the maximum applied shear stress of 4 Pa, corresponding to 
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values measured for the human abdominal aorta148. Surprisingly, a small number of iHbAS 
termed as “heavy binders” sustained firm adhesion under the same conditions. Previous 
studies demonstrated that a small fraction of iHbAS display similar knob sizes and amounts 
of expressed PfEMP1 as in iHbAA149. Yet, the performed experiments cannot answer the 
question, if this phenotype is indeed represented among the “heavy binders” let alone the 
major fraction.  
Independently, such a population of “heavy-binders” would be the dominant phenotype in 
malaria patients after several intraerythrocytic multiplication cycles, thereby increasing the 
average adhesion strength of the parasite population. This might explain, why in vivo studies 
revealed that HbAA and HbAS children can display comparable parasitemia levels78, 150.  
3.3.5 Summary 
Probing the dynamic interaction of infected erythrocytes with solid-supported lipid bilayers 
functionalized with CD36 or ICAM-1 revealed clear difference between infected wildtype and 
infected haemoglobinopathic erythrocytes, while both ligand species displayed similar 
characteristics.  
In the physiological relevant shear stress range between 0.03 and 0.3 Pa, the number of 
binding events was strongly reduced for iHbAS compared to iHbAA. Additionally, the 
corresponding critical shear stress of detachment was found to be significantly lower for 
iHbAS, with values below 0.3 Pa for intermolecular ligand distances beyond ~35 nm. Both 
findings could lead to a delayed increase in parasitemia levels in carries of the sickle-cell trait, 
due to enhanced splenic clearance of infected erythrocytes, which in turn would result in 
milder symptoms.  
The experiments performed at intermolecular ligand distances below 17 nm, revealed a 
subpopulation of “heavy binders” in iHbAS, that displayed similar binding characteristics as 
iHbAA, and are capable of sustaining shear stress conditions only to be found in the human 
abdominal aorta. This subpopulation might be responsible for comparable parasitemia levels 
found in children carrying HbAS and HbAA, during malaria infection.  
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3.4 Quantification of cell adhesion by micro interferometry 
3.4.1 Background of reflection interference contrast microscopy 
Reflection Interference Contrast Microscopy (RICM) is a label and contact free method to 
determine the geometry of a variety of objects in close proximity to a planar surface151. 
Thereby, typical objects of interest consist of thin films of liquid, giant unilamellar vesicles, 
micrometer-sized spherical beads or living cells152, 153.  
In a generic RICM setup an object is homogeneously illuminated by monochromatic light 
(Figure 3.13 a). The resulting images represent the superposition of rays reflected from 
different interfaces characterized by their respective refractive indices (Figure 3.13 b). Under 
the assumption of a quasi-point source the recorded intensity { at position (Z, Ä) relates to 
the time average of the local electrical field154:  
  {(Z, Ä) = 〈Å(〉Æ, 3-17 
  Å(Ç, È) = r(Ç)=~É(Ç)=~ÊÆ. 3-18 
Where Ë(Ç) is the phase function. In reality the light source is extended and can be regarded 
as composition of point sources. Metal-halide light sources are often used as light sources in 
RICM. Because of the low spatial coherence, the time averaged intensity can be described 
directly as155:  
 {(Z, Ä) = ÌÍ Å∗ÅdΩÍ dΩ ÐÆ ,  3-19 
where Ñ = (Ò, Ë) denotes the polar angles of incidence at position (Z, Ä). From the low spatial 
coherence one can assume that only rays from a single point source can interfere. The electric 
field vector Å = ∑ ÅÔ,~~  is derived as a summation over all electric field vectors of all reflected 
rays. The corresponding amplitudes can be expressed as functions of the amplitude of the 
incident light r< (Figure 3.13 b):  
 r = q<Mr< + (1 − q<M( )qM(r<=>~(Õ@ Ö× + ⋯ +   3-20 
     = Sr<, 3-21 
where q~Ù  is the reflection coefficient describing the interface between layers µ and Ú. Please 
note that the transmission coefficient È~Ù is replaced by )1 − q~Ù(, = È~Ù(. Furthermore, the 
characteristic wavelength of illumination denotes to D and the differences in optical path 
length to Û~. The summation yields the effective reflection coefficient S.  
If the refractive indices ~  and Ù of adjacent layers are known, the corresponding reflection 
coefficients in perpendicular (Ü) and parallel () polarization can be directly derived from 
Fresnel equations:  
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 q~ÙÝ (Ò) = ~ cos Ò~ − Ù cos ÒÙ~ cos Ò~ + Ù cos ÒÙ, 3-22 
 q~ÙÞ(Ò) = Ù cos Ò~ − ~ cos ÒÙÙ cos Ò~ + ~ cos ÒÙ. 3-23 Ò is the angle between the rays and the normal to the interface (µ, Ú).  
For a multilayer system under quasi-perpendicular illumination and with negligible multi 
reflection events, the effective reflection coefficient S can be described as: 
 S = q<M + ß àá)1 − qÝ>M,Ý( ,=>~(Õ@ Öâ~ÝM ã q~,~äM,
}
~M   3-24 
  {(Z, Ä) = S∗Sr<( = S∗S{<, 3-25 
with ³ denoting the number of layers (substrate ³ = 0). From equation (3-24) one can see 
that the interference patterns are directly dependent on the traversed layers characterized 
by their thicknesses ~ and refractive indices ~:  
 Û~ = 2~~(Z, Ä). 3-26 
In many practical applications the characteristics of all but one layer are independent of the 
position (Z, Ä). From the presented example of a bead close to the substrate (Figure 3.13 b) 
one can see that only the local object height ℎ(Z, Ä) determines the corresponding layer 
thickness Ût9\(Z, Ä). Maxima of the effective reflection coefficient S can be observed 
under the condition:  
 ∑ Û~ = PD, P = 1, …, n 3-27 
Since, condition 3-27 is fulfilled several times in the case of giant unilamellar vesicles or a 
spherical bead close to the substrate the RICM image is characterized by the appearance of 
the well-known Newton fringes (Figure 3.13 c). Please note, that RICM imaging in principle 
allows the reconstruction of the object shape for such a simple case, if thickness and refractive 
indices of all traversed layers are known. Yet, the absolute height above the substrate can only 
be determined utilizing a second wavelength in parallel156.  
A major improvement of the image quality was achieved by Ploem in the 1975 by introducing 
the Antiflex technique157 (Figure 3.13 a). In a first step, the incoming rays are linear polarized 
by inserting a polarizer behind the field stop. After the propagation through the D/4-plate 
inside the Antiflex objective the rays end up with circular polarization. Since the reflection 
between two layers µ, Ú typically is accompanied by a phase shift of π for the two electrical 
field components if Ù > ~ , reflected rays passing through the objective a second time will 
end up linear polarized again. Yet, the phase shift causes the linear polarization to be 
perpendicular to the initial linear polarization. By adding an additional analyzer in front of 
the camera, one can therefore block the majority of stray lights and record light originating 
from reflection events. 
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The addition of a collector lense, an illumination aperture and a field stop allows to achieve 
Köhler illumination conditions158 which are necessary to adapt the RICM setup to the objects 
of interest (Figure 3.13 a). Both the reconstruction of large objects above the substrate and 
the determination of objects with a large distances to the substrate require large depths of 
field and therefore rely on a minimization of the illumination aperture {² =  sin è to create 
a point like source. Full spatial coherence is limited to an illumination area with a diameter of 159: 
  ≤ 0.16D sin è = 0.16D{² . 3-28 
 
Figure 3.13 | Experimental setup for reflection interference contrast microscopy (RICM). (a) Sample 
objects are illuminated under quasi-normal incidence by linear polarized, quasi-monochromatic light (D = 546 ±10 nm) originating from a metal-halide lamp. Incident rays are reflected at the different interfaces depended on 
their refractive index differences. Reflected light is collected by a CCD camera, while stray lights are largely 
suppressed using an additional analyzer. (b) Differences in the optical pathway as a function of object height h 
can result in constructive and destructive interference. (c) RICM raw data of a latex particle fluctuating above a 
substrate. The changes in height over time result in a shift of maxima and minima position, clearly visible as a 
shift in the so called Newton fringe pattern.  
In the case of living cells, the direct interface between the cell membrane and the substrate is 
often of more interest. In such cases a large {²  yields better images, due to the restriction of 
the depth of field. Thereby, signals from upper layers are suppressed due to the limited 
coherence length. Additionally it should be noted that the change from low {²  to high {²  
and therefore the change from coherent to incoherent condition also directly impacts the 
lateral resolution with the respective resolution limits I following the Rayleigh criterion159: 
  I]o99] = 0.61D² = 266 µm        D = 546 nm, NA = 1.25  3-29 
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     Io99] = 0.82D² = 358 µm        D = 546 nm, NA = 1.25 3-30 
3.4.2 Experimental realization 
3.4.2.1 RICM microscopy 
The RICM imaging setup consisted of an Axio Observer Z1 inverted microscope augmented 
with a mercury-vapor lamp (HXP 120 V, LEJ, Jena, Germany) and a 63x/1.25 Antiflex oil-
immersion objective with a built in D/4-plate similar to previously reported setups83, 160. Due 
to the insertion of a green filter (D = 546 ± 10 ³) the light was regarded as quasi-
monochromatic since the differences in optical pathways were below Û1 ≪ D(/ÛD ≈ 30 µm. 
Schematics resemble Figure 3.13 c). RICM under flow conditions (3.3.2) was performed after 
10 min of the respective wash out period up to a shear stress of 1.0 Pa. For each shear stress 
condition an image sequence consisting of 100 consecutive images with an integration time 
of 30 ms was collected for at least three different positions.  
3.4.2.2 Analysis of RICM image sequences 
The process of RICM image sequence analysis is depicted in Figure 3.14 (I-VII). (I-III) In a first 
step, the image sequence was checked for completeness to exclude detached cells or cells with 
high lateral drift from the analysis. (IV) For each frame the RICM raw image intensity was 
normalized to the mean intensity level derived from the cell free area applying a background 
mask:  
  {]o(Z, Ä, È) = {(Z, Ä, È)〈{(Z, Ä, È)〉Q# 3-31 
The mean contact area or “area of close proximity” was determined from the gradient image 
of the time averaged intensity image (V). RICM imaging only allows to correctly convert 
intensity into height, if all layer thicknesses and their respective refractive indices are known. 
Unfortunately, the cytosolic refractive index is rendered highly inhomogeneous by the 
infection of P. falciparum making it a unknown function of the lateral position Z, Ä161. (VI) 
Instead, the mean square amplitude of intensity was derived over all frames: 
        íî (Z, Ä) = 19p ß )〈{]o(Z, Ä, È)〉Æ − {]o(Z, Ä, È),(
ï¿ðñòó
M . 3-32 
(VII) Under the assumption that small changes in intensity  ∆{]o scale linearly with changes 
in height ∆ℎ, the intensity mean square amplitude was utilized to define an area of adhesion  eô?õÝ~ö as: 
                           eô?õÝ~ö = ß 1÷1e(¥,ø)ù÷1e°Mù¥ù¥ñðú,Mùøùøñðú .        3-33 
By categorizing a pixel as adherent if the corresponding MSA was below an upper threshold 
limit íî ¢. íî ¢ was determined from adherent cells at high shear stress conditions and set 
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to íî ¢ = 0.02. In the case of infected erythrocytes, the íî  in the region below the parasite 
digestive vacuole incorrectly indicated non-adhesion area conditions, since the lateral 
movement of the heme crystals naturally created large intensity fluctuations. Therefore, 
pixels inside a manually added circular mask were not subjected to the analysis (c and d, VII). 
The loss in adhesion area was corrected afterwards under the assumption that the ratio of 
adhesion to non-adhesion area was homogeneous throughout the cell contact area.  
 
Figure 3.14 | Determination of the contact area and the area of adhesion based on RICM image sequences. 
(a) and (b) RICM images for different time points (I-III) of uninfected erythrocytes incubated for 30 minutes on a 
supported bilayer functionalized with CD36 (〈〉 = 11 nm). Black region (IV) masks a cell free background area 
used to normalize the intensity. (V) The area of close contact (orange line) was derived from the intensity gradient 
of the time average of the image sequence. (VI) The mean square amplitude (MSA) of the intensity is used to 
identify the area of adhesion based on an threshold value íîü¢ . (VII) No area of adhesion for uninfected 
erythrocytes. (c) and (d) analogue procedure for RICM image sequences obtained for infected erythrocytes at 
trophozoite stage under comparable experimental conditions. (VII) The adhesion area is depicted in dark grey. 
The influence of the moving haemozoin inside the parasite digestive vacuole was corrected for, manually, using 
a circular shade (light grey). Scale bar, 4 µm. 
3.4.3 Results  
Reflection interference contrast microscopy (RICM) was performed for infected erythrocytes 
binding to CD36 or ICAM-1 functionalized solid-supported bilayers. RICM image sequences 
allowed to calculate the area of close cell to substrate contact 〈 〉o] and the subarea, 
where the cells displayed firm adhesion 〈 〉!9po] to the substrate. Both physical quantities 
were determined for infected erythrocytes as a function of applied shear stress between  =0.05 − 1.00 Pa. Probing higher shear stress conditions resulted in micro-level vibrations of 
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the experimental chamber, leading to the loss of focus during the recording of the image 
sequence.  
The characteristic shape of the contact area changed from partially closed circular rings at  = 0.05 to drop-like shapes at  = 1.00 (Figure 3.15), accompanied by a monotonic increase 
of the size of the contact area. Thereby the average contact area of an infected erythrocyte 
increased significantly from 〈 ( = 0.05 Pa)〉o],&!t>M ~ 10µm( to 〈 ( =1.00 Pa)〉o],&!t>M ~ 25 µm(. The data sets for CD36 and ICAM-1 where comparably 
for both ligand species (Figure 3.16 a, b, a(-test,  = 0.01). 
 
Figure 3.15 | Growth of adhesion area of infected erythrocytes as a function of applied shear stress. (a) 
Reflection interference contrast microscopy raw images (upper panel) of representative infected wildtype 
erythrocytes at the trophozoite stage of infection on bilayers functionalized with CD36 (〈〉 = 11 nm). The 
calculated contact area (orange line), area of adhesion (dark grey) and the applied masking of the haemozoin 
distorted region (grey circle). (b) Corresponding data sets for bilayers functionalized with ICAM-1 (〈〉 = 11 nm). 
Scale bar, 4 µm. 
The data were fitted under the assumption of a limited shear dependent adhesion area  tu 
of 〈 〉o] and 〈 〉!9po]:  
                   〈 ()〉 = 〈 〉tu − 〈 〉tu=> ½ + 〈 (0)〉, 3-34 
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where 〈 (0)〉 denotes to the average initial contact/adhesion area (Figure 3.16 a, b). The 
corresponding fits indicate, that the maximum of 〈 〉o] might already be reached at  =1.00 Pa, for both CD36 and ICAM-1. 
Interestingly, the parallel increase in adhesion area 〈 〉!9po]was significantly different 
between the two ligand species. Although an average adhesion area 〈 ( =0.05 Pa)〉!9po],&!t>M~4 µm( was found for both CD36 and ICAM-1 at the initial shear 
stress condition, the shear dependent increase of the adhesion area was more prominent for 
ICAM-1 leading to 〈 ( = 1.00 Pa)〉!9po],!t>M ~ 12 µm( over 〈 ( =1.00 Pa)〉!9po], ~ 7.5 µm( for CD36 (a(-test,  = 0.01). Further ligand specific 
characteristics were revealed, by correlating the average adhesion area 〈 〉!9po] and the 
average intensity mean square amplitude 〈íî 〉 (Figure 3.16 c, d). The average 〈íî 〉 
calculated for the adhesion area of iHbAA to CD36 was significantly higher compared to the 
corresponding values 〈íî 〉!t>M obtained for ICAM-1 (a(-test,  = 0.01). Additionally, the 
negative correlation between 〈 〉!9po] and 〈íî 〉 was found to be very weak for CD36 
(Pearson correlation coefficient q = −0.36) compared to ICAM-1 (Pearson correlation 
coefficient q = −0.96).  
 
Figure 3.16 | RICM results for infected wildtype HbAA and infected haemoglobinopathic HbAS 
erythrocytes adhering to CD36 and ICAM-1 functionalized bilayers (〈〉 = þþ ). Increase in average 
contact area 〈 〉o] and average adhesion area 〈 〉!9po] as function of applied shear stress  for (a) CD36 
and (b) ICAM-1. (c) and (d) Corresponding Pearson correlation coefficients q for the average mean square 
amplitude as a function of the average adhesion area.  
Thereafter, the experiments were performed for infected haemoglobinopathic erythrocytes. 
Similar to iHbAA, the contact area 〈 〉o] and the adhesion area 〈 〉!9po]  strongly 
increased as a function of applied shear stress (Figure 3.16 a, b). Yet, in the case of binding to 
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CD36 the calculated adhesion areas were significantly reduced compared to the 
corresponding data obtained for iHbAA (a(-test,  = 0.01), e.g. 〈 ( =1.00 Pa)〉o], ~ 18 µm( corresponds to a decrease by 28%. Consequently, the 
associated adhesion areas did level off at 〈 ( = 1.00 Pa)〉!9po], ~ 5 µm(, ~30% below 
the value obtained for iHbAA. In contrast, the results for 〈 〉o] and 〈 〉!9po] were 
comparable for iHbAS and iHbAA on ICAM-1 functionalized bilayers (a(-test,  = 0.01). 
3.4.3.1 Statistics 
Data was obtained from at least three independent experiments using blood from at least 3 
different donors both for HbAA and HbAS. If not stated otherwise the presented values 
correspond to mean value and standard deviation. 
3.4.4 Discussion 
Reflection interference contrast microscopy has been successfully used to investigate how 
living cells adhere to a variety of substrates, mainly probing the influence of different 
adhesion motives, the density of stickers and the mechanical properties of the substrate 
itself83, 162, 163. 
The focus of this study was on the influence of an external shear stress on the adhesion of 
infected erythrocytes to solid-supported bilayers functionalized with CD36 or ICAM-1.  
At the trophozoite stage of infection, the infected erythrocytes are still donut shaped34. 
Therefore, the maximum projection area above the substrate could reach up ~50 µm2, 
depending on the cell orientation and assuming an average radius of ~4 µm. Yet, adherent 
infected erythrocytes were only in contact with the substrate with a contact area 1/5 of this 
size. Moreover, the subarea displaying firm adhesion was found to be only ~4 µm2, or 8% of 
the maximum projection area. This finding indicates that a very small adhesion area can 
mediate firm adhesion under low shear stress conditions of 0.05 Pa and that a further growth 
of the adhesion area might be energetically unfavorable. 
Both the movement of P. falciparum infected erythrocytes along planar substrates with 
uniform ligand densities and the subsequent adhesion process have been studied in great 
detail145, 164, 165. The influence of shear stress on firmly adherent cells has not yet been studied 
for P. falciparum infected erythrocytes. To further elucidate the findings of this study, the 
results were therefore interpreted within the scope of existing simulations studies based on 
the adhesion of leukocytes (white blood cell)166, 167. However, the comparison seems justified, 
since the adhesion behavior between leukocytes and iRBCs depicts several similarities168 e.g. 
both tend to marginate towards the endothelium due to the higher cell stiffness compared to 
uninfected erythrocytes169, 170, 171, both elevate their adhesins by membrane protrusions, 
microvilli 47, 172and knobs173, respectively, and both share the binding capability to ICAM-163, 
174. 
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Simulations for adherent leukocytes show a negative effect on the adhesion area with 
increasing cytoplasmic viscosity and membrane stiffness166, 167. The small adhesion area 
therefore seems reasonable, since both properties were found to be significantly increased 
during the intraerythrocytic development of P. falciparum (Chapter 4.1.4). In their studies, 
the application of a shear field induced a cell deformation in flow direction, resulting in an 
increase of contact area166, 167. 
Indeed, the contact area of infected erythrocytes was found to significantly elevated with 
increasing shear stress, thereby promoting the formation of areas of firm adhesion. The 
dynamic growth of the contact or adhesion areas was not observed, since the image sequences 
were taken after 10 min of the respective shear stress conditions. The displayed contact or 
adhesion area sizes and shapes therefore rather represent the equilibrium state. Yet, one can 
speculate that an increase in shear stress firstly leads to the closing of the partial circle ring 
shaped contact areas, characteristic for infected erythrocytes for  < 0.5 Pa. Thereby, the 
formation of new ligand receptor pairs might be promoted by shear induced membrane 
fluctuations at the rim of the adhesion area, resulting in an increase of membrane substrate 
contact causing the growth of the adhesion area. 
Higher shear stress conditions  ≥ 0.5 Pa led to the formation of drop like contact areas, 
depicting large patches of adhesion area, as predicted from simulations based on deformable 
capsules175. The large adhesion patches, indicate a large number of ligand receptor pairs. The 
dissociation rate of an individual bond scales exponentially with the applied force (Equation 
3-13), which can lead to very short bond life times and promote cell detachment. However, 
the total lifetime of the adhesion area, acting as a cluster of ligand-receptor pairs, might be 
several orders of magnitude higher176, 177. Importantly, the ligand distance was set to 〈d〉 =11 nm, which might enhance the probability for a fast formation of new ligand-receptor pairs, 
which is mandatory for the stability of the receptor-ligand-bond cluster176, 177.  
The shear induced growth in contact area was comparable between CD36 and ICAM-1, 
indicating that it is governed mainly by the mechanical properties of the infected 
erythrocytes. In contrast, the growth in binding area was more pronounced for ICAM-1. 
Additionally, the average intensity fluctuations inside the adhesion area were also reduced 
compared to CD36. Both findings suggest a higher adhesion strength of infected erythrocytes 
adhering to ICAM-1 under high shear stress conditions  ≥ 0.5 Pa, compared to CD36. This 
finding is supported by the higher critical shear stress observed for ICAM-1 over CD36 
(Chapter 3.3.3) at an intermolecular ligand distance of 〈〉 = 11 nm.  
The experiments performed on infected haemoglobinopathic erythrocytes revealed similar 
characteristics. In fact, the contact area, the adhesion area and the associated average MSA 
were comparable as a function of shear stress for ICAM-1 functionalized bilayers. This finding 
seems to promote the idea of a subpopulation of iHbAS previously termed “heavy binders” 
(Chapter 3.3.4), that could match the subpopulation of iHbAS, exhibiting a similar knob 
morphology and similar PfEMP1 expression levels as infected wildtype erythroctes149.  
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Interestingly, the RICM results for iHbAS on CD36 functionalized bilayers did not support this 
interpretation. Although the general tendency of shear induced growth of contact area and 
adhesion area was prominent, both areas were found to be significantly reduced by roughly 
30% compared to iHbAA. Yet, this result seems to be reasonable, based on the higher 
membrane bending modulus derived for iHbAS (Chapter 4.1.3) and the lower critical shear 
stress of detachment measured for iHbAS (Chapter 3.3.3) compared to iHbAA.  
Under the assumption that ICAM-1 acts as the stronger adhesion partner under high shear 
stress conditions ( ≥ 0.5 Pa), a functionalized bilayer with small ligand distance of only 〈〉 =11 nm might not be suitable to detect the influences of different knob morphologies or 
differences in cell mechanics (Chapter 4.1.3). Moreover, the system was probed below the 
critical shear stress of detachment  > 1 Pa observed for both iHbAA and iHbAS.  
3.4.5 Summary 
Reflection interference contrast microscopy revealed a shear induced growth of contact and 
adhesion area of infected erythrocytes on CD36 and ICAM-1 functionalized bilayers. As 
predicted by simulations on leukocytes, the shear induced cell deformation seems to be 
responsible for the growth in adhesion area, which in turn would explain how infected 
erythrocytes can sustain high shear stress conditions. Moreover, the results indicate that 
ICAM-1 acts as the stronger binding partner at high shear stress conditions. For CD36 
functionalized bilayers the differences between iHbAA and iHbAS such as knob morphology 
or cell mechanics, lead to a decrease in both contact and adhesion area, thereby supporting 
previous presented findings (Chapter 3.3.3). The same experiments performed with CD36 
exchanged for ICAM-1, were non-conclusive, possible due to the fact that the experiments 
were performed below the critical shear stress of detachment (Chapter 3.3.3).  
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4 Mechanics and structure of infected red blood cells 
The following two subchapters focus on the P. falciparum induced changes to the mechanics 
(Chapter 4.1) and the elemental composition (Chapter 4.2) of individual infected erythrocytes 
derived by non-invasive, label free techniques. The presented studies include wildtype HbAA 
and haemoglobinopathic erythrocytes HbAS and HBAC. Each subchapter contains a detailed 
background description of the applied method, an overview of the experimental conditions 
and the results obtained by the respective studies.  
4.1 P. falciparum induced changes to the red blood cell mechanics 
4.1.1 Background of flicker spectroscopy 
 
Figure 4.1 | Comparison of techniques used to probe the mechanical characteristics of cells. (a) 
Micropipette aspiration and (b) optical traps apply forces onto the entire cell body. (c) Magnetic twisting 
cytometry and (d) atomic force microscopy do probe cells with a high special resolution.  
In the field of biological physics, a variety of methods has been applied to determine a 
coherent description of the mechanical parameters of a cell. Thereby, the majority of methods 
relies on active mechanical stimulation. Methods like micropipette aspiration and optical 
traps (Figure 4.1 a and b) allow to characterize large scale deformations yielding the 
membrane tension and the shear modulus, respectively114, 178. Whereas local stimuli applied 
by magnetic twisting cytometry or by atomic force microscopy (Figure 4.1 c and d) can be 
used to determine the elastic modulus179, 180.  
Another very elegant approach is the direct characterization of naturally occurring 
membrane fluctuations. The “membrane flickering phenomena” has been reported for 
erythrocytes already at the end of the 19th century181. The corresponding label and contact 
free technique termed “flicker spectroscopy” is based on the analysis of the continuous small 
fluctuations of “quasi-flat” or “planar” membranes under thermal equilibrium conditions.  
Based on the early work of Helfrich and Servuss182 the corresponding Hamiltonian can be 
formulated as:  
 F(Z, Ä) = % ZÄ &52 )∇(Z, Ä),( + 42 )∆(Z, Ä),( + [2(Z, Ä)(0e . 4-1 
The observable undulations for each point in real space (Z, Ä) of the total membrane area  
depend on the membrane tension 5 and the membrane bending modulus 4. In the case of the 
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red blood cell, the anchoring of the membrane to the underlying cytoskeleton network was 
included in the form of an additional harmonic confinement parameter [183, 184. 
The undulations of a membrane square patch with  =  ×  can be represented in Fourier 
space according to:  
 (Ç) =  ß=~∙Ç ,  = 2π ¼¥øÂ , ¥ , ø ∈ ℤ . 4-2 
The derivatives can be calculated as followed using > = ∗ :  
 (∇)( = ß(− ∙ ′), =~(ä)Ç, 4-3 
 (∇()( = ß(( ∙ ′), =~(ä)Ç. 4-4 
Taking the Fourier representation of the Kronecker-δ into account: 
  % ZÄ× =>~∙Ç = (=~/( Üµ ¼
2 Â2 = (δ,, 4-5 
one can directly derive from equation (4-1):  
 F(Z, Ä) = % ZÄ× ß=~(ä)Ç &52 (− ∙ ′) + 42 (( ∙ ′) + [20,  4-6 
                      = ß(δä, &52 (− ∙ ′) + 42 (( ∙ ′) + [20,  4-7 
                      = ( ß( &52 ( + 42  + [20  4-8 
Now one can apply the equipartition theorem stating that each degree of freedom carries the 
same amount of energy on average under thermal equilibrium conditions:  
 
12 P|R = &52 ( + 42  + [20 (〈(〉.  4-9 
This leads us to the well-known result:  
From equation (4-10) one can already roughly estimate the expected total fluctuation 
amplitude for the simple case of a bending dominated membrane system where 5 and [ are 
negligible: 
 〈()(〉 = PQR( 1[ + 5( + 4.         4-10 
 ß 〈(〉 = ß PQR( 14 ≈ H 2πJ( % 2π PQR( 14g  4-11 
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With }~ = 2π/ dependent on the macroscopic system size cutoff , and }¥ = 2π/ the 
cutoff as defined by the estimation of membrane thickness .  
From equation (4-12) one can see, that fluctuations are proportional to the system 
temperature R and inverse proportional to the bending modulus 4. Taking the typical regime 
for the bending modulus of a pure lipid bilayer with 4 ~ 10 − 20 PQR185, one would expect 
fluctuations in the range of 100 nm for typical cell sizes ( ~ 10 µm). For systems with non-
negligible membrane tension and harmonic confinement the observable fluctuation 
amplitudes can be expected to be distinctly lower.  
By applying the “spherical harmonics” approach following the work of Milner and Safran186, 
187, one can extract additional information out of the temporal domain of the fluctuation 
spectrum. In a first step, the cell can be described by the angle dependent radius q: 
Ñ denotes to the solid angle, 〈q〉 to the mean radius of the sphere and ,} to the spherical 
harmonic for each mode , ³ with their corresponding fluctuation amplitude }. The mean 
square amplitude for each mode 〈|}(|〉 can be derived from the Hamiltonian presented in 
equation (4-1): 
For each mode one can solve the Navier-Stokes equation in spherical harmonics resulting in 
the Lamb solution188, where each mode shows a characteristic relaxation frequency :  
The mean buffer viscosity of outer and inner medium is denoted as !. "() is defined as: 
The amplitude of each excited mode should decay with a single exponential dissipating the 
energy into the medium as described by the autocorrelation function: 
Based on the Wiener-Khinchin theorem189 the power spectral density (PSD) relates to the 
autocorrelation by Fourier-transformation integrating over all modes }: 
 ß 〈(〉 ≈ 14π PQR4 #H 2πJ( − ¼ 2πÂ($ ≪%⎯' PQR16π4 ( 4-12 
  q(Ñ) = 〈q〉(1 + ß}}(Ñ),} ). 4-13 
 〈|}|(〉 = PQR4( + 2)( − 1)( + 1) + 5〈q〉(( + 2)( − 1) + [〈q〉. 4-14 
   = 4( + 2)( − 1)( + 1) + 5〈q〉(( + 2)( − 1) + [〈q〉(!)/2〈q〉"() . 4-15 
  " = (2 + 1)(2( + 2 − 1)( + 1) . 4-16 
 〈}(È)*}*(0)〉 =  δ,*δ},}*〈|}|(〉=>ÊfÆ. 4-17 
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Please note that the  = 0 mode describes changes to the volume and is excluded under the 
assumption of incompressible fluids and no fluid exchange throughout the membrane. The  = 1 mode simply represents a displacement of the sphere in total and can therefore be 
neglected as well.  
4.1.2 Experimental realization 
4.1.2.1 Flicker spectroscopy 
 
Figure 4.2 | Optical validation of the different stages of infection based on gradient maps derived from 
phase contrast images. The ring stage (10 to 18 h post invasion) is characterized by the typical ring shaped 
parasite, while additional compartments like the digestive vacuole are only visible at the later trophozoite stage 
(24 to 32 h post invasion). The cytoplasmic space occupied by the parasite is highlighted in orange and the 
digestive vacuole in blue. Scale bar, 5 µm.  
Uninfected erythrocytes and infected erythrocytes at the ring and trophozoite stage of 
infection were resuspended in RPMI-BSA buffer at 37°C (Chapter 3.1.3.1) at a hematocrit of 
~0.1%. RPMI-BSA contains 2 mg ml-1 D-glucose necessary to assure a constant ATP level for 
the preservation of the cytoskeletal activity190. In a first step, cell suspensions were incubated 
in petri dishes with glass bottom for 30 minutes placed inside a temperature controlled 
  îü() = 〈q〉( % È ß 〈|}(|〉,}ä(,}> exp (−È)exp (−µÈ) 4-18 
                   = 〈q〉( ß 〈|}(|〉( ( + ( 2 + 12π . 4-19 
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chamber mounted to an inverted microscope (Axio Observer Z1, Zeiss, Oberkochen, 
Germany). Afterwards, a sequence of 500 phase contrast images with an exposure time of 25 
ms was recorded for each cell using a 100 × oil-immersion objective lens (NA = 1.4) and an 
ORCA-Flash4.0 LT (Hamamatsu Photonics, Hamamatsu, Japan) camera. Although cells were 
kept in synchronized culture, the stage of infection was additionally confirmed from the 
gradient maps derived from phase contrast images for individual cells (Figure 4.2). Please 
note, that later parasite stages (schizont stage) of infection did not exhibit visible membrane 
fluctuations. Furthermore, the overall buckling of the infected erythrocytes membrane did 
not allow for a determination of the entire cell contour. All analyses were performed using 
self-written routines in Matlab (R2016b).  
4.1.2.2 Analysis of the fluctuation spectra 
 
Figure 4.3 | Determination of cell contours from gradient images. (a) Gradient map r(θ,T) in a polar 
coordinate for a given time point T for an uninfected wildtype erythrocyte. The calculated rim position rrim(θ,T) 
is highlighted in red for 0 < Ò < 2π. (b) As an example the determination of the rim position at a fixed angular 
position θ = α (dashed white line in (a)) is presented. The intensity maximum was derived from a Gaussian fit 
(blue). (c) and (d) The analogue procedure as carried out for a wildtype erythrocyte at the trophozoite stage of 
infection.  
The cell contour as described by qÔ~}(Ò, È) was derived from gradient maps transformed into 
a polar coordinate of 0 < Ò < 2π using a step size of ÛÒ = 2π/256, with the center of mass of 
each frame at qÔ~}(Ò, È) = 0 (Figure 4.3).  
The time dependent deviations of qÔ~}(Ò, È) from the average rim position were Fourier-
transformed resulting in the mean square displacement (MSD) as a function of the discrete 
wave number ¥ obtained from experiments:  
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 〈(¥)(〉¥Þ = ,-2² ß.q(Δ0) − 〈q(Δ0)〉1=(2〈Ô〉¹¹>M< -
(3 . 4-20 
The time average value obtained over the entire image series is denoted by 〈 〉. Microscopic 
observations of membrane fluctuations are naturally limited to the equatorial plane. To 
correctly match the theoretically predicted MSD spectrum, equation (4-14) had to be inverse 
Fourier-transformed in regard to the continuous wave number ø:  
 
〈(¥ , Ä = 0)(〉49o = PQR 5 42(5( − 44[)
66⎣⎢
⎢⎡ 1d24¥( + 5 − :5( − 44[ −
1
d24¥( + 5 + :5( − 44[⎦⎥
⎥⎤66 . 4-21 
Here the cell contour length  = 2π〈q〉 was estimated from the mean cell radius 〈q〉. In the low ¥ regime the difference between the MSD of a planar and a spherical membrane is ≥ 15%191, 
192, therefore the fitting of the experimentally obtained MSD to equation (4-21) was 
performed only above mode  ≥ 4 corresponding to ¥ ≥ (2 ~1 × 10 m>M. 
 
Figure 4.4 | Mechanical properties influence the mean square displacement at different + regimes. 
Changes to the mean square displacement as a function of (a) the bending modulus 4,(b) the membrane tension 5 and (c) the harmonic confinement [ according to equation (4-21). Red lines correspond to the MSD calculated 
for an uninfected wildtype erythrocyte with 4 = 2.7 × 10>M?N m, 5 = 0.7 × 10> N m>M and [ = 0.5 × 10 N m>. 
The arrows indicate the typical dampening of the MSD dependent on the mechanical parameter increasing. 
Dotted lines correspond to the power law scaling the MSD obeys at different ¥ regimes.  
Please note, that the observed MSD should exhibit different power law dependencies 
according to equation (4-21). In the tension dominated region (5 ≫ 4¥( ) the MSD should 
follow 〈(¥ , Ä = 0)(〉 ~ ¥>M while in the bending dominated region (5 ≪ 4¥( ) it should obey 〈(¥ , Ä = 0)(〉 ~ ¥>191. Additionally, one would expect the MSD to level of for ¥ → 0 (Figure 
4.4).  
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Due to limited temporal resolution and total recording time (25 ms, 12500 ms, respectively) 
of the microscopic observations, only a small region of the frequency domain is accessible 
after Fourier-transformation. To determine the red blood cell viscosity !@Q using equation 
(4-19) with ! = 1/2(!@Q + !\9), the bending modulus 4, the membrane tension 5 and the 
harmonic confinement [ were fixed using their previously determined values obtained by 
equation (4-21). Analogue to the MSD, the PSD should exhibit different power law regimes. 
According to equation (4-19) one can expect a tension 5 dominated domain at low 
frequencies and a bending modulus 4 dominated regime for high frequency, as described by 
a power law of £>M and £>T/, respectiely186. 
4.1.3 Results  
4.1.3.1 Elevation of mechanical parameters in wildtype erythrocytes by P. falciparum  
 
Figure 4.5 | Membrane fluctuation spectra derived for uninfected wildtype erythrocytes and 
corresponding P. falciparum infected cells at the ring and trophozoite stage of infection. (a) Mean square 
displacement (MSD) as a function of the wavenumber ¥ and (b) power spectrum density (PSD) as a function of 
the frequency £. Data points and fits obtained by equations 4-21 and 4-19 correspond to individual representative 
wildtype cells (uninfected (U, yellow), ring (R, orange) and trophozoite (T, red)). The power law dependencies 
for tension and bending dominated regimes are presented to guide the eye (dotted lines).  
In a first step, flicker spectroscopy was applied to uninfected wildtype erythrocytes (HbAA) 
to establish a point of reference. The obtained mean square displacement spectra (Figure 4.5 
a) do exhibit the power law dependencies as predicted from the theoretical argumentation. 
Although no convergence level at low values of ¥ is prominent. In general, the fluctuation 
amplitude of individual modes was found to be below 10 nm. Fitting equation (4-21) to the 
MSD spectra yielded a average bending modulus of 〈κ〉 = 2.7 ± 0.6 × 10>M?N m, a mean 
membrane tension of 〈σ〉 = 0.7 ± 0.2 × 10> N m>Mand a mean harmonic confinement of 〈γ〉 = 0.5 ± 0.2 × 10 N m> based on a total of  = 42 cells. These values are consistent with 
previous determinations based on flicker spectroscopy191, 192. Note that the confinement 
parameter [ relates to the shear modulus D by D =  γq(. With a mean red blood cell radius of 〈q〉 ~ 4 µm and the flicker spectroscopy derived harmonic confinement one can calculate 〈D〉 ~ 8 × 10> N m>M , which is comparable to values obtained by classical methods like 
micropipette aspiration1, 165. It is noteworthy that the high bending modulus of 〈κ〉 ~ 2.7 ×
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10>M?N m is three to five times higher than typical values for a simple bilayer system, 
accounting for the complex composition of the erythrocytes membrane 185.  
The analysis of the temporal domain yielded the power spectrum density (Figure 4.5) as a 
function of the frequency £ = 2π. The spectra also obeyed the theoretically expected power 
law dependencies following equation (4-18). The mean red blood cell viscosity was found to 
be 〈!@Q〉 = 1.2 ± 0.7 × 10>(N m>(s. This value is in good agreement with other flicker 
spectroscopy based determinations191.  
 
Figure 4.6 | P. falciparum induces changes to the erythrocyte mechanics. Infection with P. falciparum results 
in a significant alteration of all biomechanical parameters accessible by flicker spectroscopy. A representative 
gradient image for each observed stage is presented as an inset in panel (a) with the parasite occupied 
cytoplasmic space highlighted by a dotted line. Each data point for (a) the bending modulus 4, (b) the membrane 
tension 5, (c) the harmonic confinement [ and (d) the apparent red blood cell viscosity !U|E  represents a 
determination for individual cells from four different donors (uninfected (U, yellow), ring (R, orange) and 
trophozoite (T, red)). The 25 − 75 percentile range obtained for each boxplot (grey) is highlighted in red and 
replotted in figure (Figure 4.7) and (Figure 4.8) to allow for a visual comparison. *,  < 0.01 according to Welch 
t-test. Scale bar, 5 µm. 
Next, wildtype erythrocytes infected with P. falciparum at the ring stage (10 to 18 h post 
invasion) and the trophozoite stage (24 to 32 h post invasion) of infection were investigated. 
The dramatic changes by P. falciparum are directly visible by eye (Figure 4.2) as a change from 
a smooth erythrocyte surface at the uninfected stage to an increasingly rougher surface 
appearance at infectious stages. This trend was reflected in the Gaussian surface roughness 
(RMS) increasing from 90 ±  34 nm  for uninfected erythrocytes to 137 ±  44 nm  for the ring 
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stage up to 169 ±  47 nm at the trophozoite stage. The intracellular parasite maturation was 
correlated with a progressive dampening of membrane fluctuations (Figure 4.5) from the ring 
stage (R) to the trophozoite stage (T).  
In fact, all mechanical parameters significantly increased gradually during the observed time 
window (Figure 4.6, Table 4-1). Although the time interval from uninfected to ring stage is 
similar to the time interval from ring stage to trophozoite stage, the changes in mechanics are 
predominantly observed in the second time window. The bending modulus was found reach 
to 〈4〉 = 3.4 ± 1.4 × 10>M?N m at the trophozoite stage, equal to a mild increase of ~25% from 
the uninfected stage. In contrast, the membrane tension reached 〈5〉 = 2.7 ± 1.2 ×10> N m>Mand the harmonic confinement 〈[〉 = 5.3 ± 4.0 × 10 N m> during the same time 
window, corresponding to a 4-fold and 10-fold increase from the uninfected values, 
respectively. Additionally, the apparent red blood cell viscosity was found to increase 7-fold 
to  〈!@Q〉 = 8.8 ± 5.2 × 10>(N m>(s. The overall stiffening of erythrocytes caused by P. 
falciparum has been observed before, applying other techniques193, 194, yet the analysis using 
flicker spectroscopy identified that this effect is based predominantly on the increase of the 
membrane-cytoskeleton coupling. 
 
Figure 4.7 | P.falciparum induces changes to the mechanics of haemoglobinopathic blood of type HbAS. 
Each data point represents a single cell determination of the (a) the bending modulus 4, (b) the membrane tension 5, (c) the harmonic confinement [ and (d) the apparent red blood cell viscosity !U|E  for erythrocytes of three 
different donors (uninfected (U, light blue), ring (R, blue) and trophozoite (T, dark blue)). The 25 − 75 to 
percentile range for the wildtype HbAA as presented in figure (Figure 4.6) is highlighted in red for each parameter 
to allow for a direct visual comparison. *,  < 0.01 according to Welch t-test. 
54 Mechanics and structure of infected red blood cells 
 
4.1.3.2 Strain hardening effect in uninfected haemoglobinopathic erythrocytes & P. falciparum 
infected HbAS and HbAC excel in membrane bending modulus 
Flicker spectroscopy was then applied to uninfected haemoglobinopathic erythrocytes and P. 
falciparum infected erythrocytes at the same stages of infection based on synchronized 
cultures. Interestingly, uninfected haemoglobinopathic erythrocytes displayed significantly 
higher values of membrane tension 5 and harmonic confinement [ compared to uninfected 
wildtype erythrocytes (Figure 4.7, Figure 4.8 and Table 4-1).  
The bending modulus 4 and the apparent viscosity !@Q were comparable. With the latter 
finding concurring with recent reports on similar mean corpuscular haemoglobin 
concentrations for HbAA, HbAS and HbAC34.  
 
Figure 4.8 | P.falciparum induces changes to the mechanics of haemoglobinopathic blood of type HbAC. 
Each data point represents a single cell determination of the (a) the bending modulus 4, (b) the membrane tension 5, (c) the harmonic confinement [ and (d) the apparent red blood cell viscosity !U|E  for erythrocytes of three 
different donors (uninfected (U, white), ring (R, light grey) and trophozoite (T, dark grey)). The 25 − 75 to 
percentile range for the wildtype HbAA as presented in figure (Figure 4.6) is highlighted in red for each parameter 
to allow for a direct visual comparison. *,  < 0.01 according to Welch t-test. 
The intraerythrocytic maturation of P. falciparum in haemoglobinopathic blood caused a 
gradual increase of all mechanical parameters (Figure 4.7 and Figure 4.8), comparable to the 
trend observed for infected wildtype erythrocytes. Yet flicker spectroscopy revealed 
differences between the haemoglobinopathies and the wildtype and among the 
haemoglobinopathies themselves. The bending modulus 4 was found to be significantly 
higher for HbAS with 〈4〉 = 5.9 ± 1.2 × 10>M?N m and HbAC with 〈4〉 = 5.5 ± 2.2 × 10>M?N m, 
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corresponding to an increase of 70% and 60%, respectively compared to the wildtype at the 
same infection stage (p < 0.01). The harmonic confinement of HbAC at the trophozoite stage 
of 〈[〉 = 6.0 ± 3.4 × 10 N m> was comparable to HbAA, while it was significantly lower in 
the case of HbAS with 〈[〉 = 3.7 ± 2.4 × 10 N m>. In contrast, there were no differences 
found in the apparent viscosity 〈!@Q〉.  
4.1.3.3 Reduction of membrane to cytoskeleton coupling in knobless parasites  
To further investigate the mechanical impact of knobs, a knobless phenotype grown in 
wildtype HbAA erythrocytes was subjected to flicker spectroscopy. Thereby the knobless 
phenotype was derived from a FCR3 strain by a chromosomal breakage and healing event 
within the knob associated histidine rich protein (KAHRP) gene, resulting in a truncated non-
functional KAHRP gene195. Scanning electron microscopy images confirmed the absence of 
knob structures at the trophozoite stage of infection (Figure 4.9 a). The corresponding surface 
roughness was found to be 114 ±  31 nm, comparable to the values derived for uninfected 
wildtype erythrocytes of HbAA. Flicker spectroscopy revealed a twofold lower harmonic 
confinement of 〈[〉 = 2.3 ± 1.2 × 10 N m> and a significantly lower membrane tension 5, 
compared to the knobby FCR3 strain (Figure 4.9). Yet, the bending modulus 4 and the 
apparent viscosity !U|E  were found to be comparable  
 
Figure 4.9 | Wildtype HbAA erythrocytes infected with a knobless FCR3-phenotype at the trophozoite 
stage. (a) Scanning electron micrograph (SEM, upper panel) and gradient image obtained from a phase contrast 
image (lower panel) of a representative infected erythrocyte. Each data point for (b) the bending modulus 4, (c) 
the membrane tension 5, (d) the harmonic confinement [ and (e) the apparent red blood cell viscosity !@Q 
represent a single cell determination for erythrocytes of three different donors (trophozoite (T, green)). The 25 −75 to percentile range for the wildtype HbAA as presented in figure (Figure 4.6) is highlighted in red for each 
parameter to allow for a direct visual comparison. (SEM imaging was performed by Dr. Marek Cyrklaff, Center for 
Infectious Diseases, Heidelberg University Hospital). Scale bar, 5 µm. 
4.1.3.4 Statistics 
Data was obtained from at least three independent experiments using blood from at least 3 
different donors both for HbAA/HbAS/HbAA. If not stated otherwise the presented values 
correspond to mean value and standard deviation. 
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4.1.4 Discussion 
The intraerythrocytic maturation of P. falciparum leads to drastic changes in the structure of 
the host cell leading to alterations in the mechanical properties. Thereby, the understanding 
of the causative biological processes is important, since many disease-related processes, like 
splenic clearance, endothelial adhesion or obstruction of the micro vascularity are directly 
linked to the mechanical properties of the infected erythrocytes36, 196. Flicker spectroscopy 
not only allows for a contact free quantification of distinct mechanical parameters as a 
function of parasite stage and blood type, but further allows for a direct interpretation of the 
underlying biological causes.  
The elevated bending modulus 4 for both wildtype and haemoglobinopathic erythrocyte at 
the trophozoite stage of infection, reflecting a change in membrane composition, in fact, 
coincides with the reports of the in cooperation of parasite synthesized proteins into the 
membrane197, 198. At the same time, the increased amount of membrane cross-linked, 
irreversibly oxidized haemichromes, characteristic for infected HbAS and HbAC73, could 
explain the additional increase in bending modulus 4 observed solely for the 
haemoglobinopathies. 
Table 4-1 | Summary of all biomechanical parameters obtained by flicker spectroscopy. Numbers 
correspond to the mean value and standard deviation obtained from (n) independent determination.  
  Bending modulus 
κ 
[10-19 N m] 
Membrane tension 
σ 








[10-2 N m-2 s] 
    
  HbAA 2.7 ± 0.6 (42) 0.7 ± 0.2 (42) 0.5 ± 0.2 (42)    1.2 ± 0.7 (42) 
Uninfected HbAS 2.8 ± 0.6 (41) 0.8 ± 0.2 (41)* 0.6 ± 0.2 (41)*    0.9 ± 0.5 (41) 
 HbAC 2.5 ± 0.8 (36) 1.1 ± 0.3 (36)*,# 0.9 ± 0.4 (36)*,#    1.3 ± 0.6 (36) 
 HbAA 2.6 ± 1.0 (30) 1.3 ± 0.5 (30)$ 1.9 ± 1.5 (30)$    1.9 ± 1.1 (30)$ 
Ring HbAS 2.5 ± 0.8 (25) 1.4 ± 0.6 (25)$ 2.3 ± 1.7 (25)$    1.9 ± 1.4 (25)$ 
 HbAC 3.9 ± 1.4 (25)$,§,& 2.0 ± 0.6 (25)$,§,& 2.2 ± 1.1 (25)$,§    3.3 ± 1.7 (25)$,§,& 
 HbAA 3.4 ± 1.4 (29)$ 2.7 ± 1.4 (29)$ 5.3 ± 4.0 (29)$    8.8 ± 5.2 (29)$ 
Trophozoite HbAS 5.9 ± 1.2 (39)$,§ 3.2 ± 1.2 (39)$ 3.7 ± 2.4 (39)$,§    9.2 ± 4.6 (39)$ 
 HbAC 5.5 ± 2.2 (40)$,§ 4.3 ± 1.4 (40)$,§,& 6.0 ± 3.4 (40)$,& 10.4 ± 12.2 (40)$ 
knobless 
Trophozoite 
HbAA 3.4 ± 1.0 (42)$ 2.2 ± 0.7 (42)$,§ 2.3 ± 1.2 (42)$,§    9.2 ± 5.3 (34)$ 
*, p < 0.01 compared with uninfected HbAA erythrocytes; #, p < 0.01 compared with uninfected HbAS 
erythrocytes; $, p < 0.01 compared with the corresponding uninfected erythrocyte variant. §, p < 0.01 compared 
with age-matched parasitized HbAA erythrocytes; &, p < 0.01 compared with age-matched parasitized HbAS 
erythrocytes; &, p < 0.01 compared with age-matched parasitized HbAS erythrocytes; Statistical significance was 
determined using Welch t-test.  
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The analysis of the temporal domain of the membrane fluctuations yielded the apparent 
viscosity !U|E . Although the value was found to be comparable to previous determinations 
based on flicker spectroscopy191, it was in fact two times larger than the viscosity values 
derived for a homogeneous haemoglobin solution (0.32 mg/mL)199. A peculiar phenomenon 
since 95% of the erythrocyte dry mass corresponds to just haemoglobin. Yet, one can argue 
that this discrepancy is based on the semi-crystalline character of haemoglobin reported in 
vivo, that might not be reproducible ex vivo200.  
The analyses of the power spectrum density of infected erythrocytes yielded unreasonably 
high values for the apparent viscosity !@Q, countering the fact the large amounts of 
haemoglobin are digested during parasite maturation201. Safran et al. argued that the 
spectrin-actin cytoskeleton can be considered as a rigid wall in regard to the fluid flow in-
between the membrane and the cytoskeleton. This assumption is based on the fact, that the 
typical rearrangement time of spectrin fibers was found in the µs regime, while typical 
membrane fluctuations decay on a timescale of ms. One can assume that this description does 
not hold for P. falciparum infected erythrocytes and that their cytoplasm no longer resembles 
a homogeneous haemoglobin solution. However one can only speculate how the apparent 
viscosity !@Q is influenced by the rigidity of the parasite or parasite structures like Maurer’s 
clefts37, 202.  
The increase in harmonic confinement [ in uninfected erythrocytes of both 
haemoglobinopathies can be attributed to their abnormal cytoskeleton structure. The 
abnormal display of actin filaments in terms of length and arrangement (Figure 1.5) demand 
for a higher mean end-to-end length of spectrin filaments, leading to a spring hardening 
effect203. Therefore, propagating changes to the cytoskeleton caused by the parasite driven 
actin mining and spectrin rearrangement194, 204, 205, might be responsible for the additional 
increase in harmonic confinement [ observed for all infected erythrocytes at the trophozoite 
stage. The increase in [ also coincided with the formation of knob structures, that can provide 
additional anchoring between the plasma membrane and the cytoskeleton (Figure 3.2). The 
investigation of a knobless phenotype allowed to estimate the contribution of the two 
different biological causes. In fact, the harmonic confinement [ only increased five-fold for 
the knobless variant compared to a ten-fold increase observed for knob developing types, 
compared to the value for uninfected erythrocytes.  
Interestingly, there was a clear difference between HbAS and HbAC found for the harmonic 
confinement [. Since scanning electron microscopy revealed similar knob sizes and knob 
densities for HbAS and HbAC (Figure 1.6, Supporting Figure 8.4), the differences in harmonic 
confinement [ require extended discussion. From simulations206 one can deduce that few but 
large knobs, characteristic for HbAS and HbAC, create a similar harmonic confinement as 
many small knobs, characteristic for HbAA. This compensatory effect might account for 
comparable values of the harmonic confinement for HbAA and HbAC. Additionally, one can 
derive from simulations that the harmonic confinement correlates with the strength of 
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individual connectors206. The low harmonic confinement [ found in HbAS therefore could be 
explained by an overall weaker anchoring of individual knobs, although the underlying 
biological process is unknown and demands further studies. 
At last, it should be noted that the changes observed for the membrane fluctuations in infected 
erythrocytes, were interpreted based solely on the basis of parasite driven changes of 
membranous and cytoskeletal structures, assuming thermal equilibrium conditions. 
However, the fluctuation spectrum is in fact influenced also by non-thermal (or active) 
processes207. Yet, flicker spectroscopy does not allow to deconvolute the active and thermal 
causes of fluctuation due to the limitation in time resolution. Active processes like the transfer 
of ions through the membrane via ion-pumps or the phosphorylation of the spectrin-actin 
network do contribute to the membrane fluctuation208 and one cannot exclude that P. 
falciparum directly tempers with these processes. In fact it is well established that ionic 
currents are strongly altered by the induction of additional transporters and the increase 
permeability of the membrane, both of which are altered by P. falciparum209.  
4.1.5 Summary 
Flicker spectroscopy revealed a continuous increase of host cell mechanical parameters 
during the intraerythrocytic development of P. falciparum in HbAA, HbAS and HbAC. The 
results suggested that the stiffening of infected erythrocytes, is predominantly based on the 
increase of membrane to cytoskeleton coupling by the knobs, visible as a suppression of 
membrane fluctuations in the low q regime. Therefore, all infected erythrocytes at the 
trophozoite stage should be exposed to splenic clearance. The membrane bending modulus 
was found to be significantly higher in haemoglobinopathic variants, possibly due to 
increased amounts of irreversibly oxidized haemichromes bound to membranes, which 
should have a negative effect on their cytoadhesion capabilities. 
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4.2 Biochemical composition of infected red blood cells 
4.2.1 Background of quantitative scanning X-ray fluorescence microscopy 
When a X-ray photon (rsoo] > 100 keV) passes through matter, it can interact with the 
electrons of an atom in several ways (Figure 4.10 a). Generally, one distinguishes scattering 
processes (elastic—Rayleigh, inelastic—Compton) from absorption processes (photoelectric 
effect). Interaction processes at higher photon energies (rsoo] > 1.022 MeV) can 
additionally lead to electron-positron pair production (not shown).  
 
Figure 4.10 | X-ray photon interaction with electrons. (a) Schematic overview of interaction types between 
incident X-ray photons and the electrons of an atom (reproduced from Korytowski, 2016)210. (b) Mass attenuation 
coefficient D/G as a function of the incident photon energy for nitrogen (reproduced from Carron, 2007)211. 
A mono energetic beam of photons with incident intensity {< traversing through a sample with 
thickness È and a material density of G will emerge with an intensity {Æ  following the Beer-
Lambert law:  
 {Æ = {< ∙ =>(HÆ) =  {< ∙ =>(H/I IÆ), 4-22 
where D denotes to the linear attenuation coefficient and the ratio D/G defines the mass 
attenuation coefficient. The mass attenuation coefficient is related to the total cross section 54ob per atom:  
 D/G = 54ob ²e , 4-23 
where  (= 1.66 × 10>(Jkg) is the atomic mass unit,   is the relative atomic mass of the 
element, and ²e(= 6.022 × 10>( mol>M) is Avogrado’s number. The total interaction cross 
section 54ob and therefore the mass attenuation coefficient is a function of the incident 
photon energy (Figure 4.10 b). The total cross section 54ob is the superposition of the cross 
section of the different interaction paths: 
 54ob  = 5soo9b9 + 5o:o] + 5@7b9# + 5s :o\o] . 4-24 
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X-ray fluorescence is a by-product of the photoelectric effect. Once an electron is removed 
from an inner shell (high binding energy), it can be replaced by an electron from an outer shell 
(low binding energy). The energy difference is compensated for by the generation of a 
characteristic fluorescence photon (Figure 4.10 a). Thereby, the energy of the fluorescence 
photon is a function of the element, and the participating energy states212, 213, 214. To be able to 
identify elements and their corresponding local densities a setup for “quantitative scanning 
X-ray fluorescence microscopy” typically requires: 
• a highly brilliant X-ray source (high intensity and highly monochromatic)215 
• a narrow beam size to increase spatial resolution216, 217 
• a detector with high energy resolution and temporal resolution212 
• a movable high precision sample stage  
 
Figure 4.11 | Quantitative X-ray fluorescence. (a) Mass attenuation coefficient D/G as a function of incident 
photon energy. The excitation beam energy for scanning X-ray fluorescence at ID16a was set to 17.05 keV213, 214. 
(b) Fluorescence yield ! as a function of atomic number "218.(c) Attenuation length  for ice at a density of G =0.9167 g cm> as a function of traversing photon energy213, 214. (d) Detector efficiency  as a function of photon 
energy as given by the manufacturer. 
Mechanics and structure of infected red blood cells 61 
  
In quantitative scanning X-ray fluorescence, a sample is continuously illuminated by a narrow 
beam. The sample movement speed, the dwell time/integration time and the beam size 
determine the resulting pixel size for the system. The detector signal formation for each 
element MN , denoted by the superscript ", can be expressed for each pixel position (µ, Ú) as: 
 MN (µ, Ú) =  {< ∙ HDGJN ∙  ∙ !N ∙ =>(~,Ù)O ∙ HÛÑ4GJ ∙ N ∙ GN(µ, Ú) ∙ È(µ, Ú), 4-25 
where {< is the incident photon intensity, measured in parallel during the experiment. The 
number of fluorescent photons is proportional to the mass attenuation coefficient for each 
element (D/G)N (Figure 4.11 a). Please note that although the photoelectric interaction is 
dominant at 17.05 keV (used during the experiment), the resulting detector counts need to be 
corrected for scattering events219. The creation of Auger electrons (Figure 4.10 a) acts as a 
parasitic process to the fluorescence emission, expressed by the fluorescence yield !N(Figure 
4.11 b). The self-attenuation of generated fluorescent photons propagating a total length  
through the ice matrix to reach the detector is expressed by the characteristic attenuation 
length N . (Figure 4.11 c). Note, that the attenuation length for photons of the incident beam 
with an energy of 17.05 keV is several orders of magnitude higher than the sample thickness. 
The detector specific information are denoted by the solid angle ÛÑ subtended by the detector 
and the element specific detector efficiency N(Figure 4.11 d). 
4.2.2 Experimental realization  
4.2.2.1 Sample preparation and cryo fixation 
Synchronized infected erythrocytes at the trophozoite stage were enriched by magnetic 
column isolation (Chapter 2.7). Red blood cells were washed three times with phosphate 
buffered saline (PBS) supplemented with 10% (v/v) glycerol at pH 7.4. Droplets of cell 
suspension were applied onto silicon framed 5 × 5 mm( Si3N4 membrane grids (Silson Ltd, 
Southam, United Kingdom) followed by immediate freeze plunging into liquid ethane and 
transfered in liquid nitrogen220. Thereafter, grids were kept under cryo conditions for the 
whole experiment duration.  
4.2.2.2 Quantitative scanning X-ray fluorescence microscopy 
Quantitative scanning X-Ray Fluorescence (SXRF) microscopy was performed at the Nano-
Imaging beamline ID16A-NI at the European Synchrotron Radiation Facility (ESRF, Grenoble, 
France). The beam was focused down to a beam size of about 30 × 30 nm2 by a multilayer 
coated crossed Kirkpatrick-Baez mirror system 185 m distant from the source (Figure 4.12 
a). The beamline was operated at a discrete energy of 17.05 keV provided by the multilayer 
monochromator setup with a high flux of ~2 × 1011 photons s>M. Samples were measured 
under high vacuum (10-7 mbar) and cryogenic conditions. Quantitative SXRF microscopy was 
carried out with equivalent step sizes between 25-400 nm and dwell times of 50 ms or 100 
ms. Fluorescence signals were recorded by a pair of 6-element silicon drift detectors (Ray 
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Spec Ltd., UK) positioned at an angle of α = 6° (Figure 4.12). Data were analyzed using the 
PyMCA software package developed at ESRF219. 
 
Figure 4.12 | Quantitative scanning X-ray fluorescence microscopy. (a) Samples are positioned inside the 
beam focus to minimize the size of the illumination footprint. Samples are screened by moving the sample in the 
plane perpendicular to the direction of illumination. (b) Summarized energy spectrum as determined by 
integrating the entire scanned area depicted in (c). Peaks correspond to the PQ and PR lines for to the elements 
phosphorus (P), sulfur (S), iron (Fe), copper (Cu) and zinc (Zn). (d) Element counts are presented as a function of 
erythrocyte and parasite compartments, erythrocyte cytosol (EC, black), the parasite cytosol (PC, blue) and the 
parasite digestive vacuole (DV, red). Scale bar, 2 µm. 
In a first step, the thickness of the matrix of vitrified ice was determined using the ratio of 
incident intensity {< and the transmitted intensity {Æ  (Equation 4-22) by illuminating a cell 
free area close to the cell of interest. The ice thickness was found to be below 5 µm for all 
samples. 
The summarized energy spectra, detector counts as a function of photon energy (Figure 4.12 
b), obtained for the entire scan area (Figure 4.12 c) were fitted using a polynomial-fit to 
confirm fit quality for the K-lines, L-lines and M-lines for all elements assumed to naturally 
occur in the sample or as part of the experimental setup (Al, P, Si, K, Ca, Cl, Co, Ni, Cr, Br and 
Au). Thereafter, the energy spectra were fitted pixel by pixel, including background 
correction, detector pile-up and element specific scattering. The element maps (Figure 4.12 
c) allowed to determine the different erythrocyte and parasite compartments (Figure 4.12 d).  
To convert detector counts per element into element density, the setup at ID16A NI was 
calibrated beforehand by the beam line staff using a XRF reference sample (RF7-200-S2371, 
AXO DRESDEN GmbH, Dresden, Germany) consisting of a thin silicon substrate covered with 
1-3 atomic layers of different elements. Thereafter, the element specific density per pixel GN(µ, Ú) was calculated based on equation (4-25). To convert to absolute number ²(µ, Ú) of 
atoms per pixel, GN(µ, Ú) had to be multiplied by the pixel area size. Finally, the absolute 
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number of atoms inside the cell was determined by subtracting the average number of atoms 
obtained from the cell free background ²9bb(µ, Ú) = ²(µ, Ú) − 〈²(µ, Ú)〉#. 
4.2.3 Results 
4.2.3.1 P. falciparum induced remodeling of wildtype erythrocytes  
In a first step, the element composition of an uninfected wildtype erythrocyte was 
investigated. The corresponding element maps (Figure 4.13 a-d, upper panel) reveal a 
uniformly distribution of iron (Fe), sulfur (S), phosphorus (P) and zinc (Zn) throughout the 
erythrocyte cytosol. To allow for easier visual comparison of parasite induced alterations to 
the uniform element distributions, the percentage element counts are presented as a function 
of cell compartments (Figure 4.13 a-d, lower panel).  
 
Figure 4.13 | Scanning X-ray fluorescence of uninfected and P. falciparum infected wildtype erythrocytes. 
Element maps for an uninfected erythrocyte (a-d, upper panel, pixel size 50 nm) and an infected erythrocyte at 
the trophozoite stage of infection (e-h, upper panel, pixel size 25 nm). The corresponding percentage element 
counts as a function of the cell compartment are depicted in the lower panels (erythrocyte cytosol (black), the 
parasite cytosol (blue) and the parasite digestive vacuole (red)).  
Haemoglobin (Hgb) is the most abundant erythrocyte protein accounting for > 90% of the 
red blood cell dry mass221. Theoretically, each haemoglobin unit contributes 12 sulfur atoms, 
divided between methionine and cysteine with a ratio of 2:1, and 4 iron atoms, each 
complexed in a porphyrin group, to the fluorescence signal, resulting in an expected element 
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ratio of SHgb/FeHgb ~3. The ratio of sulfur to iron inside the uninfected erythrocyte was in fact 
found to be higher with SEC/FeEC = 3.74, attributed to other sulfur containing protein species 
and the level of free cytosolic cysteine 222. Under the general assumption that the total iron 
count per cell FeTotal is not affected by P. falciparum it can be used as a normalization factor, 
accounting for naturally occurring variations in cell size and as a tracker of element uptake or 
release. The absolute element counts are presented in Table 4-2). 
Table 4-2 | Absolute element counts S as a function of cell compartment. The total element count ² (Total) 
as determined for the entire projected cell area for (U) uninfected erythrocytes and (T) infected erythrocytes at 
the trophozoite stage. The element counts are presented for the erythrocyte cytosol (EC), the complete parasite 
occupied area (Parasite) and the corresponding subsections termed parasite cytosol (PC) and parasite digestive 
vacuole (DV)  
Element Compartment HbAA HbAS HbAC 
N (×106)  U T U T U T 
Fe 
Total 818 1035 959 913 1001 761 
► EC  818 562 959 523 1001 355 
► Parasite - 473 - 390 - 406 
 ► PC - 104 - 28 - 63 
 ► DV - 369 - 362 - 343 
S 
Total 3066 2675 3448 2758 3604 2457 
► EC  3066 1797 3448 1840 3604 1272 
► Parasite - 878 - 919 - 1185 
 ► PC - 608 - 558 - 486 
 ► DV - 270 - 361 - 698 
P 
Total 1223 1742 423 2667 765 3438 
► EC  1223 402 423 676 765 500 
► Parasite - 1340 - 1991 - 2938 
 ► PC - 965 - 1277 - 1014 
 ► DV - 375 - 714 - 1924 
Zn 
Total 10.7 14.1 5.9 12.9 10.1 8.0 
► EC  10.7 6.5 5.9 7.0 10.1 1.4 
► Parasite - 7.6 - 6.0 - 6.6 
 ► PC - 5.2 - 3.8 - 1.6 
 ► DV - 2.4 - 2.2 - 5.0 
Cu 
Total 2.5 2.0 3.3 2.7 3.2 - 
► EC  2.5 1.2 3.3 1.5 3.2 - 
► Parasite - 0.8 - 1.2 - 2.0 
 ► PC - 0.4 - 0.6 - 0.7 
 ► DV - 0.4 - 0.7 - 1.3 
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Remarkably, the cytosolic ratio of phosphorus to iron PEC/FeEC = 1.49 was distinctly higher 
than the expected ratio calculated from literature values of PEC, Lit/FeEC, Lit = 0.9, indicating an 
additional uptake of phosphate from the culture medium223, 224. However, the ratio of zinc to 
iron of ZnEC/FeEC = 1.31 × 10-2 was in good agreement with previous determinations of ZnEC, 
Lit/FeEC, Lit = 1.40 × 10-2 225. The detection and quantification of intraerythrocytic copper posed 
a challenge. Thereby, the expected copper to iron ratio of only CuEC, Lit/FeEC, Lit = 0.10 × 10-2 
was faced off against a large offset in the detector counts caused by several copper based 
components of the experimental setup226. As a consequence, the copper element maps do not 
show clear difference between background and cell occupied area (Supporting Figure 8.5). 
Nevertheless, the iron ratio of CuEC/FeEC = 0.30 × 10-2 was found to be comparable. 
In clear contrast to the uninfected erythrocyte, the element maps of a wildtype erythrocyte at 
the trophozoite stage of infection exhibit clear differences in the element distribution in 
regard to the cell compartment (Fig 2. e-h). The iron signal was dominated by the haemozoin 
crystals containing roughly one third of the total number of iron atoms. Thereby, the level of 
haemoglobin digestion was comparable to trophozoite stage erythrocytes observed in 
previous studies227. 
Most amino acids stripped of each haemoglobin unit must have ended up outside the digestive 
vacuole resulting in a low ratio of sulfur to iron of SDV/FeDV = 0.73, equivalent to a decrease of 
80% compared to the reference values measured inside the uninfected erythrocyte cytosol. 
Indeed, amino acids were enriched inside the parasite vacuole, manifesting itself in a sulfur 
to iron ratio of SPC/FePC = 5.82. It should be noted that the changes to the total sulfur to iron 
ratio of STotal/FeTotal = 2.58, equal to a loss of ~31% amino acids, can be taken as a measure for 
the parasite driven amino acid efflux into the extracellular space. This efflux concurred with 
a reduced copper to iron signal of CuTotal/FeTotal = 0.19 × 10-2, equal to a loss of 28% of total 
copper. The change in element distribution was also prominent in the cases of phosphorus 
and zinc inside the parasite vacuole, reflected in the ~6 times higher phosphorus to iron ratio 
of PPC/FePC = 9.25 and the ~4 times higher zinc to iron ratio of ZnPC/FePC = 4.98 × 10-2, 
compared to values for the uninfected erythrocyte cytosol.  
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4.2.3.2 P. falciparum development in haemoglobinopathic erythrocytes 
 
Figure 4.14 | Scanning X-ray fluorescence of infected haemoglobinopathic erythrocytes at the trophozoite 
stage. Element maps for HbAS (a-d, upper panel, pixel size 25 nm) and HbAC (e-h, upper panel, pixel size 25 nm). 
The corresponding percentage element counts as a function of the cell compartment are depicted in the lower 
panels (erythrocyte cytosol (black), the parasite cytosol (blue) and the parasite digestive vacuole (red)).  
To assess the influence of haemoglobinopathies on the development of P. falciparum, firstly 
the differences between uninfected HbAS and HbAC and the wildtype erythrocyte were 
investigated. As expected, the element maps for both uninfected HbAS and HbAC depict the 
same homogeneous distribution for all considered elements (Supporting Figure 8.6). In fact, 
the calculated sulfur to iron ratios of SEC/FeEC = 3.60 for both haemoglobinopathies were 
comparable to the wildtype, hinting towards specific element ratios for uninfected cells 
independent of size and blood type. This assumption was supported by the copper to iron 
ratios determined for HbAS of CuEC/FeEC = 0.32 × 10-2 and that of HbAC of CuEC/FeEC = 0.34 × 
10-2. Surprisingly, further analysis revealed that the ratios of phosphorus to iron were 
strongly reduced for HbAS and HbAC in comparison to the wildtype erythrocyte, reaching 
down to a ~70% and ~50% lower value, respectively, although the cells were cultivated 
under identical conditions. Furthermore, the ratios of zinc to iron were found to be reduced 
with ZnEC/FeEC = 0.61 × 10-2 for HbAS and ZnEC/FeEC = 1.12 × 10-2 for HbAC. 
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In general, the element maps of infected erythrocytes of type HbAS (Fig. 3a-d) and HbAC (Fig.3 
e-h) reveal similar changes to the element distribution as a function of cell compartment as 
observed for an infected wildtype erythrocyte (Fig. 2 e-h). The iron uptake into the digestive 
vacuole was comparable to that of the wildtype erythrocyte, confirming the temporal 
synchronicity of the parasite cultures. Interestingly, the haemozoin crystals were found to be 
loosely packed in the case of HbAS, a phenomenon even more pronounced in the case of HbAC. 
At the same time, the local ratios of sulfur to iron, accounting for the remaining amount of 
partially or undigested haemoglobin and free amino acids inside the digestive vacuole, were 
elevated for HbAS with SDV/FeDV = 1.00 and for HbAC with SDV/FeDV = 2.03. Additionally, the 
amount of released amino acids into the extracellular space was significantly lower for both 
HbAS and HbAC, reflected in the loss of total sulfur atoms of only ~11% and ~7%, 
respectively. In this context it is noteworthy, that in contrary to the wildtype trophozoite, the 
ratios of iron to sulfur inside the infected haemoglobinopathic erythrocytes cytosol were still 
comparable to their corresponding uninfected erythrocytes. This delayed efflux of amino 
acids coincides with the lower amount of released copper into the extracellular space. 
Additionally, both haemoglobinopathic trophozoites featured a high uptake of phosphate 
from the culture medium, resulting in a ~174% higher total phosphorus to iron ratio for HbAS 
of PTotal/FeTotal = 2.92 and a ~269% higher value for HbAC of PTotal/FeTotal = 4.52, than 
previously determined for the wildtype trophozoite. 
4.2.4 Discussion 
Quantitative scanning X-ray fluorescence microscopy allows to visualize the element 
composition of biological cells and tissues with high spatial resolution and trace level 
sensitivity93, 94. By embedding the target material into a thin layer of vitrified ice, using freeze 
plunging sample preparation, their native internal structures are preserved228. The 
synchrotron X-ray source provides a high-brilliance beam with an energy of 17.05 keV to be 
able to penetrate the entire sample thickness while minimizing the radiation damage. 
The element composition of an uninfected wildtype erythrocytes was investigated to act as 
reference to validate the quantification process. As expected the elements iron, sulfur, 
phosphorus, zinc and copper were homogenously distributed throughout the erythrocyte 
cytosol. The absolute element counts, obtained by integrating the entire projected cell area, 
were in good agreement with literature values determined from population studies. 
Remarkably, phosphorus was found significantly increased, which suggested an additional 
uptake from cell medium. Erythrocyte phosphorus is mainly in cooperated in 2,3-
Biphosphoglyceric acid and adenosine di-/triphosphate (ADP/ATP)223. The cell culture 
medium RPMI 1640 provides an additional phosphorus source in the form of 0.8 g/L 
Na2HPO4, in high abundance when compared to native serum phosphorus level that typically 
ranges between 0.03 and 0.06 g/L229. Moreover, additional Na2HPO4 supplementation was 
found to correlate positively with erythrocyte phosphorus and 2,3-Biphosphoglyceric acid 
levels230. 
68 Mechanics and structure of infected red blood cells 
 
Quantitative scanning X-ray fluorescence microscopy provided a snapshot of the complex 
intraerythrocytic metabolism of P. falciparum (Figure 4.15). Thereby, the iron amount stored 
in haemozoin crystals was used to determine a reference time point of parasite 
development227. The results indicate that liberated amino acids (sulfur marker), were 
transported out of the digestive vacuole either into the extracellular space or into the parasite 
cytosol, where they could act as raw material for the parasite driven protein synthesis231. 
Moreover, the high amount of phosphorus in the parasite vacuole suggested DNA/RNA or 
ADP/ATP, all of which are essential for the protein synthesis. The high sensitivity of the setup 
further provided quantitative data for the levels of zinc and copper inside the parasite 
vacuole. Both dietary elements act as enzymatic cofactors and are vital for the proliferation 
of the parasite225, 232. The reports on the possible toxic effect of excess copper for P. falciparum 
and the subsequent release of copper into the extracellular space were also confirmed by this 
study226.  
 
Figure 4.15 | P. falciparum intraerythrocytic metabolism. Quantitative scanning electron microscopy allows 
to track the digestion of haemoglobin and subsequent formation of haemozoin crystals inside the digestive 
vacuole. Colocalization of amino acids (sulfur marker), ATP/RNA (phosphor marker) and enzymatic cofactors 
(Zn, Cu) inside the parasite cytosol indicate parasite mediated protein synthesis. Comparison with uninfected 
erythrocytes allows to approximate different element uptakes and effluxes. 
The analysis of uninfected haemoglobinopathic erythrocytes HbAS and HbAC revealed 
comparable cytosolic element values to uninfected wildtype erythrocytes except for a lower 
level of phosphorus and zinc. Unfortunately, the origin of these low values could not be 
conclusively identify within the scope of this thesis.  
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The results obtained for infected haemoglobinopathic erythrocytes confirmed the findings of 
a delayed protein expression and a delayed implementation of new permeation pathways 
across the infected erythrocyte membrane in iHbAS and iHbAC34, 92. Furthermore, the findings 
indicate, that the delay is already caused at the level of haemoglobin digestion. Although 
comparable amounts of haemoglobin were ingested into the digestive vacuole, reflected in 
comparable iron amounts, more amino acids, reflected in the higher sulfur amount, were still 
present. This finding raised the question, if haemoglobin is up taken but not digested 
efficiently, or if haemoglobin is digested but the amino acids are not transported into the 
parasite or the erythrocyte cytosol. Since the haemoglobin digestion is accompanied with high 
amounts of reactive oxygen species (ROS)233 that might interfere with parasite metabolism, 
and large amounts of liberated amino acids, that exert osmotic pressure34, 35, the first scenario 
seems more plausible to sustain parasite proliferation. Moreover, the undigested 
haemoglobin around individual haemozoin crystals might be responsible for their loose 
packing observed for iHbAS and iHbAC.  
Interestingly, the phosphorus amounts were dramatically increased inside the digestive 
vacuole of both iHbAS and iHbAC compared to iHbAA. The parasites intraerythrocytic 
development relies on the uptake of inorganic phosphate from the host cytosol234. Yet, the 
amount of phosphate in iHbAS and iHbAC clearly exceeds the native supply available, as 
measured from the corresponding uninfected erythrocytes. A possible explanation would be 
an oxidative stress induced increase in the passive permeability of the host erythrocyte 
membrane235, 236, which seems reasonable since both uninfected HbAS and HbAC generate 
higher quantities of reactive oxygen species73.  
4.2.5 Summary 
Quantitative scanning X-ray fluorescence microscopy based on a synchrotron radiation 
source is a unique tool to investigate complex biological systems like the P. falciparum 
infected erythrocyte. Although many aspects of the parasite metabolism, like the haemoglobin 
digestion and subsequent storage of heme as haemozoin crystals, the parasite mediated 
uptake of enzymatic cofactors like zinc and copper, or the release of excess amino into the 
extracellular space, have been studied individually, the approach of this study allowed to 
develop a comprehensive quantitative snapshot of the metabolism without further chemical 
labeling.  
The results clearly indicated a delayed digestion of HbAS and HbAC haemoglobin by the 
parasite and consequently a delayed development of new permeation pathways in the host 





The aim of this thesis was the quantification of the cytoadhesive capabilities and the cell 
mechanical properties of Plasmodium falciparum infected human wildtype and 
haemoglobinopathic erythrocytes, to improve the understanding of the protective 
mechanism against severe malaria provided by haemoglobin polymorphisms.  
The cytoadhesion of infected erythrocytes was probed using in vitro models of endothelial 
cell membranes on the basis of solid supported lipid bilayers functionalized with a well-
defined density of ligands expressed by the average intermolecular ligand distances 〈〉. This 
study shed light on the role of two ligand species, CD36 and ICAM-1, receptors that have been 
associated with severe cases of malaria.  
In Chapter 3.2, the adhesion strength of infected wildtype (iHbAA) and infected sickle-trait 
erythrocytes (iHbAS) was quantified by the critical pressure of detachment (〈〉) through 
the application of picosecond laser pulse induced pressure waves. The experiments revealed 
cooperative binding characteristics for CD36/ICAM-1 and PfEMP1 and a binding-unbinding 
transition at low intermolecular ligand distances of 〈〉 ~ 21 − 37 nm. Since the native ligand 
distances of CD36 and ICAM-1 on endothelial cells are significantly higher with 〈〉 > 110 nm, 
the results suggested that parasite induced endothelial cell activation is necessary to generate 
firm adhesion conditions. In the case of CD36 by local clustering of CD36 and in the case of 
ICAM-1 by raising the expression levels of ICAM-1. Remarkably, the adhesion strength of 
iHbAS to CD36 was reduced compared to iHbAA, while the adhesion strength to ICAM-1 was 
comparable.  
In Chapter 3.3, the adhesion of iHbAA and iHbAS was probed under physiological shear 
conditions between 0.03 and 0.3 Pa, mimicking the post capillary venules. The decrease in 
binding events with increasing shear stress suggested slip-bond behavior for both CD36 and 
ICAM-1. More importantly, the number of binding events was strongly reduced for iHbAS 
compared to iHbAA for both ligand species in the range of 〈〉 =  7 − 67 nm at shear stresses 
below 0.1 Pa. Furthermore, the adhesion strength of iHbAS to CD36 and ICAM-1, quantified 
by the critical shear stress of detachment , was found to be significantly lower compared 
to iHbAA. Especially beyond 〈〉 ~ 35 nm, where  of iHbAS was in the range of 
physiological relevant shear stresses. Both findings suggested, that the number of binding 
events of iHbAS to human endothelial cells is not only strongly reduced but that the adhesion 
strength is too weak to sustain firm adhesion conditions under physiological relevant shear 
stresses, making them susceptible to splenic clearance.  
In Chapter 3.4, label and contact free reflection interference contrast microscopy (RICM) was 
performed on adherent cells at 〈〉 =  11 nm for CD36 and ICAM-1 up to a shear stress of 1 
Pa. RICM revealed a subpopulation of “heavy binders” in iHbAS, that resemble the binding 
characteristics of iHbAA, namely a shear induced growth in contact and adhesion area. This 
subpopulation might be responsible for similar parasitemia reported for HbAS children 
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suffering from malaria infection. Comparisons with publications of simulations performed on 
the adhesion characteristics of leukocytes led to the conclusion that shear induced cell 
deformations seem to be responsible for the growth in adhesion area. The results further 
suggested, that ICAM-1 acts as the stronger binding partner to PfEMP1 at high shear stress 
conditions beyond 0.5 Pa.  
The mechanical properties of uninfected and infected erythrocytes at the ring and trophozoite 
stage of infection were probed using label-free and contact-free flicker spectroscopy for 
HbAA, HbAS and HbAC. The study was extended using a genetically altered knobless parasite 
strain.  
In Chapter 4.1, the analysis of the thermally or non-thermally induced membrane fluctuations 
in Fourier space revealed a significant increase in the membrane bending modulus, the 
membrane tension, the harmonic cytoskeletal membrane confinement and the apparent 
cytosolic viscosity during parasite maturation. These fundamental alterations to the cell 
mechanics should lead to splenic clearance for all infected erythrocytes at the trophozoite 
stage. The combined results of iHbAA/iHbAS/iHbAC and the knobless parasite suggested that 
the confinement of membrane fluctuations in the low q regime is caused by the spectrin strain 
hardening effect due to cytoskeleton distortions and due to the additional anchoring of the 
membrane to the cytoskeleton via knobs. Interestingly, the bending modulus for iHbAS and 
iHbAC was found to be significantly higher compared to iHbAA, possibly due to irreversible 
membrane bound haemichromes. This higher bending modulus should have a negative 
contribution to the cytoadhesive capabilities of infected haemoglobinopathic erythrocytes.  
In Chapter 4.2. the scope of this thesis was extended including quantitative scanning X-ray 
fluorescence microscopy of iHbAA, iHbAS and iHbAC at the trophozoite stage of infection. The 
quantification of element concentrations in different cell compartments of the infected 
allowed to track the uptake and efflux of key elements, thereby generating a comprehensive 
snapshot of the complex biochemical metabolism of Plasmodium falciparum. The results 
suggested a delay in haemoglobin digestion in HbAS and HbAC erythrocyte and a delayed 
development of new permeation pathways in the corresponding host cell membrane. The 
subsequent distorted protein trafficking has been associated with abnormal knob 
development and reduced PfEMP1 expression levels, and consequently reduced 
cytoadhesion, as observed in this study. 
The results presented in this thesis demonstrate that in vitro cell membrane models are a 
powerful tool to quantify cell adhesion processes on the population level. Together with label-
free and contact-free single cell techniques like reflection interference microscopy, flicker 
spectroscopy or quantitative scanning X-ray fluorescence microscopy, they provide a 





The presented study highlights the benefit of using in vitro endothelial cell membrane models 
based on functionalized lipid bilayers to study the interaction of infected erythrocytes with 
key ligands. Future design adaptations of the performed experiments might help to further 
understand the complex adhesion process.  
An adhesion based microfluidic cell sorting experiment (Figure 6.1) might allow to further 
investigate the subpopulation of “heavy binders” (Chapter 3.3). The design is based on the 
experiments performed on neutrophils237 and the theoretical sorting capability has already 
been investigated by Dasanna et al238.  
 
Figure 6.1 | Adhesion based cell sorting. Small patches of functionalized bilayer allow to sort sticking from 
non-sticking population as a function of intermolecular ligand distance 〈〉, applied shear stress  and inclination 
angle è. Non-sticking/non-interacting cells do not undergo displacement, while sticking cells are displaced 
stochastically by rolling along the stripe edges and therefore can reach the target population outlet.  
The sorting system consists of a microfluidic chamber made from polydimethylsiloxane 
(PDMS) glued to a microscopy grade glass slide. Beforehand, specific areas of the glass are 
passivated by micro contact printing of BSA. Upon connection of channel and glass, stripes 
functionalized lipid bilayers are created as described earlier (Chapter 3.1).  
The obtained results of this thesis indicated that firm adhesion conditions for infected 
erythrocytes have to be generated by the upregulation of ICAM-1 expression, based on the 
endothelial cell activation originating from loosely bound or shortly interacting infected 
erythrocytes.  
Recent experiments performed on endothelial cells and corresponding computer simulations 
confirmed an increase interaction footprint of iHbAA compared to iHbAS or iHbAC134, yet a 
direct quantification of the cell contact or adhesion footprint is not available. Reflection 
interference contrast microscopy has been successfully applied during this study to 
investigate the shear dependent change in adhesion area. The combination of an ultra-fast 
camera and a super luminescent diode might allow to record the contact and adhesion 
footprint of infected erythrocytes propagating along functionalized bilayers under 
physiological shear stress conditions.  
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7 Appendix I 
7.1 Probing the effective interfacial interaction potential of zwitterionic polymer 
brushes based on reflection interference contrast microscopy of cell size 
particles 
7.1.1 Introduction 
Zwitterionic molecules feature both positive and negative charges and are of high abundancy 
in nature. Zwitterionic phospholipids like phosphatidylcholine and sphingomyelin-
phosphocholine do in fact make up more than 50% of total lipids in a variety of animal 
tissues239, 240. Recently, zwitterionic polymers have gained importance in the field of material 
science as replacements for oligoethylene, since they provide excellent self-cleaning and 
antifouling capabilities, highly interesting properties for industrial applications241, 242, 243. 
Thereby, the surface-initiated controlled chain growth (“grafting from” method) can be used 
to create highly dense, defect-free polymer brush layers 244. The antifouling properties of 
zwitterionic polymer brushes can be attributed to the excluded volume effect, the reduced 
gain in free energy observed during foulant adsorption and the strongly reduced dynamic 
friction coefficients245, 246, 247.  
One promising candidate to create these unique surface properties are polymer brushes 
presenting the zwitterionic molecule sulfobetaine as side chains. They provide unique 
hydration behaviors due to the intrinsic inter-chain pairing of zwitterions, termed anti-
electrolyte effect. Moreover, their hydration radius was found to be tunable by the buffer 
concentration of NaCl, an effect also reported for different anions248, 249. These unique 
hydration characteristics are thought to be the origin of their excellent anti-fouling 
capabilities. Yet, little is understood how the interfacial potential of zwitterionic brushes is 
modulated in the presence of ions.  
This study is based on the observation of cell size latex particles and osmotically tensed 
human erythrocytes performing vertical Brownian motion above glass substrates coated with 
poly(sulfobetaine) brushes. The height fluctuations were recorded based on label and contact 
free reflection interference contrast microscopy (RICM)250, 251, 252. The fluctuation amplitudes 
were analyzed assuming thermal equilibrium conditions to calculate the harmonic effective 
interfacial potential /(∆ℎ)253. The aim of this study is the precise quantification of the ion 
specific modulation of /(∆ℎ) caused by Naä, Kä and N(CH)ä and Ca(ä at different 
concentrations, keeping Cl> as a constant counter ion. The salts were chosen following the 
classical Hofmeister series254: 
CO(> < SO(> < H(PO> < F> < Cl> < Br> < NO> < I> < ClO> < SCN>, 
N(CH)ä < NHä < Csä < Rbä < Kä < Naä < Liä < Mg(ä < Ca(ä. 
With N(CH)ä exhibiting kosmotrope character (left side) and Naä, Kä being more chaotropic 
in nature and Ca(ä acting as a representative of extremely chaotropic ion specimens (right 
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side). To shed light on the pairing of sulfobetaine side chains, the vertical Brownian motion of 
beads was also tracked dependent on an increasing concentration of dissolved free 
sulfobetaine molecules acting as “competitors” identical to the structure of the side chains.  
7.1.2 Probing the effective interfacial potential with cell size spherical particles 
 
Figure 7.1 | Probing the effective interfacial potential Z(∆[) based on the height fluctuation ∆[ analysis 
of cell size spherical particles. The polymer brush constitutes of monomers carrying zwitterionic sulfobetaine 
sidechains. 
The equation of motion for a particle undergoing vertical Brownian motion (Figure 7.1) in an 
effective interfacial potential /(∆ℎ) can be described by a Langevin equation: 
 ³ 2(∆ℎ2È( + [ 2∆ℎ2È + 2/2∆ℎ = \po, 7-1 
where m is the particle mass, [ the hydrodynamic friction coefficient, ∆ℎ the relative particle 
position, and \po the representation of the thermally driven stochastic forces acting on the 
particle. The second term describes the frictional force \ and can be expressed by the 
Reynolds equation255:  
 \ = [ ]∆?]Æ , and [ = 6G!9 UW? , 7-2 
where !9 is the effective shear viscosity of the system, ℎ the absolute distance between the 
particle and the surface and S the radius of the latex particle. From the radius of the used latex 
beads S = 5 µm, the observed average bead velocity of 2∆ℎ/2È ≈ M<^_<.< ms>M, the density of the 
latex particle G = 1.04 g cm>and the viscosity of water !k = 1 mN m>(s, one can estimate 
the Reynolds number S= of the system to be S= ≤ S(2∆ℎ/2È)G!>`M ~10> 255. Since S= ≪ 1 
one can assume the particle movement to be overdamped, therefore the first term in equation 
(7-1) can be neglected256. 
Since typically only small height fluctuations in the range of ∆ℎ ≤ 30 nm are observed , the 
effective interfacial can be approximated in first order as harmonic 257: 
 /(∆ℎ) = 12 2(/2∆ℎ(a〈?〉b (∆ℎ − 〈∆ℎ〉)( = 12 /"∆ℎ( 7-3 
The corresponding autocorrelation function of the height fluctuation can be calculated within 
the framework of the fluctuation dissipation theorem to be:  
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 〈∆ℎ(IÈ)∆ℎ(0)〉 ≈ 〈∆ℎ((0)〉=>dbe ,where  = hi" = ÕjòïïUW〈?〉i"   7-4 
The mean square amplitude of fluctuation can be expressed under thermal equilibrium 
conditions:  
 〈∆ℎ((0)〉 = PQR/" .        7-5 
The probability function of fluctuation (∆ℎ) should follow a Boltzmann’s distribution 250, 251, 
252: 
  (∆ℎ) ∝ =H>i(∆?) ¡¢ J, or  /(∆ℎ) = −PQR)(∆ℎ), + const  7-6 
7.1.3 Experimental realization 
7.1.3.1 Materials 
Throughout this study ultra-pure water (Millipore Inc, Billerica, MA) was used for all 
experimental conditions. Chemicals were purchased from Wako Pure Chemical Industries 
(Osaka, Japan), Merck (Darmstadt, Germany), Carl Roth (Karlsruhe, Germany) or Sigma-
Aldrich (Neu-Ulm, Germany) unless stated otherwise. Latex particles (S ≈ 5 µm, G =1.04 g/cm) were purchased from Macherey-Nagel (Düren, Germany). Poly (sulfobetaine) 
(poly[3-(N-2-methacryloyloxyethyl-N,N-dimethyl)ammonatopropanesulfonate]) brushes 
were prepared by surface-initiated atom transfer radical polymerization on glass plate and 
characterized using atom force microscopy by Dr. Yuji Higaki (Kyushu University, Fukuoka, 
Japan) 152, 258. Adult blood was obtained from healthy donors following the ethical guidelines 
of the Joint Ethics Committee of IFLMS, iCeMS and CiRA, Kyoto University, Japan. RICM 
observations of tensed erythrocytes were exclusively performed by Dr. Akihisa Yamamoto 
and Dr. Ryo Murakami, Kyoto University, Japan. 
7.1.3.2 Reflection contrast interference microscopy 
Latex particles were incubated in bovine serum albumin (BSA, 1mg/mL) for 15 min prior to 
avoid non-specific adhesion. Human erythrocytes were deformed into “osmotic spherocytes” 
using osmotic pressure imbalance (83 mM NaCl, pH 6.4). Experiments were performed at 
room temperature. The utilized RICM setup was described in detail in Chapter (3.4.2.1). 
Quasi-perpendicular illumination was obtained by setting the Illumination Numerical 
Aperture (INA) to 0.48, thereby increasing the contrast for higher order minima and maxima. 
Images sequences consisting of 1000-2000 frames at an exposure time of 30 ms were 
recorded and subjected to the analyses. All analyses were performed using self-written 
routines in Matlab (R2014b) 
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7.1.3.3 Determination of the height fluctuation profiles based on reflection interference 
contrast microscopy 
 
Figure 7.2 | Determination of height fluctuations of a spherical object. (a I-IV) Successive RICM images of a 
latex particle hovering on the surface of a poly(sulfobetaine) brush (15 mM NaCl, buffered with 10 mM HEPES, 
pH 7.4). (a I) Radial intensity profiles were obtained along the indicated solid line followed by an azimuthal 
integration (dashed circle). (b I) The mean radial intensity (data points and black line) and the intensity values 
within the standard deviation (dark grey) after integration for a single frame. The total range of observed 
intensity values is depicted in light grey. (b II) Conversion of the mean radial intensity profile into the 
corresponding height profile based on equation (7-7). Scale bar, 5 µm. 
The center of mass for each frame was calculated applying an edge detection filter to correct 
for lateral drifts. For each frame, two consecutive maximum/minimum positions of the mean 
radial intensity profile (E1, E2) closest to the center were selected (Figure 7.2). Due to the 
quasi-perpendicular illumination the simplified theory of RICM can be applied, allowing the 
conversion of radial intensity { to relative height ∆ℎ:: for all pixel positions (pp) between E1 
and E2: 
 
2{:: − ({M + {(){M − {( = cosl4G\9 ∆ℎ::D m 7-7 
The relative bead position ∆ℎ(È) = ∆ℎ::(È) − 〈∆ℎ::〉Æ was calculated for all frames. 
Thereafter, equation (7-6) was applied to derive the effective interfacial interaction potential /(∆ℎ). 
7.1.4 Results  
7.1.4.1 Influence of mono- and divalent ions on the effective interfacial interaction potential 
In a first step, the interfacial potential was probed as a function of the concentration of 
monovalent salts Na+, K+ and N(CH3)4+. The observed mean square amplitude of the height 
fluctuation monotonically decreased for all ion species with increasing salt concentrations 
from 1.5 mM up to 150 mM (Figure 7.3 a-c, (I-III), Table 7-1). The global shapes of the 
resulting normalized effective interfacial potentials /(∆ℎ)/PQR were well approximated 
harmonically (Figure 7.3 a-c, (IV)), Table 7-1) confirming the validity of Derjaguins’s 
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approximation for weak interactions.257 As predicted by equation (7-6) the decrease in 
fluctuation amplitudes was inversely correlated to the sharpening of /(∆ℎ), expressed by the 
significant increase in the spring constant /" (Table 7-1). Additionally, the corresponding 
autocorrelation functions decreased faster with increasing salt concentrations (Figure 7.3 a-
c, (V), Table 7-1) and were all well fitted as a single exponential function following equation 
(7-4).  
Although the general observed tendencies were similar for all ion species, the mean square 
amplitude of fluctuation (MSA) in N(CH3)4+ were 2-3 times smaller than the corresponding 
values obtained for Na+, K+. Consequently, the spring constants of /"n(o)pb ~ 20 ×10>(( J nm>( were found to be nearly an order of magnitude higher than the corresponding 
values for Na+, K+ (Table 7-1). Additionally, the characteristic decay times  reached down to 
the experimental resolution limit of @q ≈ 0.01 s. 
Table 7-1 | Summary of values for the spring constant Z", the characteristic decay time Ã, and the 
hydrodynamic friction coefficient r for NaCl, KCl and N(CH3)4Cl. 
 s tu uvw xt Z"þ> y/xt Ã z r þ> yz/xt 
NaCl 
1.5 210 ± 89   2 ± 1 0.13 ± 0.07 0.28 ± 0.17 
15 86 ± 49 3 ± 1 0.08 ± 0.03 0.27 ± 0.11 
150 8 ± 3 7 ± 1 0.05 ± 0.02 0.30 ± 0.18 
KCl 
1.5 160 ± 80       1 ± 0.5 0.20 ± 0.01 0.23 ± 0.05 
15 130 ± 72       1 ± 0.5 0.16 ± 0.03 0.19 ± 0.04 
150 75 ± 33 4 ± 1 0.03 ± 0.01 0.11 ± 0.03 
N(CH3)4Cl 
1.5 6 ± 4 17 ± 4    0.01 ± 0.01 0.15 ± 0.12 
15 3 ± 2 21 ± 4    <0.01 <0.1 
150 3 ± 2 23 ± 4    <0.01 <0.1 
 
Table 7-2 | Summary of values for the spring constant Z", the characteristic decay time Ã, and the 
hydrodynamic friction coefficient r for CaCl2 and Sulfobetaine. 
 s tu uvw xt Z"þ> y/xt Ã z r þ> yz/xt 
CaCl2 
1.5 2 ± 1 25 ± 5   <0.01 <0.1 
15 3 ± 1 15 ± 4   <0.01 <0.1 
150 5 ± 2 10 ± 2   0.01 ± 0.01 0.10 ± 0.10 
Sulfobetaine 
1.5 10 ± 4   6 ± 2 0.04 ± 0.01 0.18 ± 0.15 
15 10 ± 4   7 ± 3 0.04 ± 0.01 0.20 ± 0.09 
150 6 ± 3 12 ± 4   0.03 ± 0.01 0.28 ± 0.14 
 
In clear contrast, the experiments performed as a function of divalent ion concentrations 
using Ca2+, revealed an opposite behaviour (Figure 7.4 a,Table 7-2). The fluctuation 
amplitudes increased as a function of salt concentration, while the harmonic confinement 
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were broadened. The range of spring constants of /"bW  ~ 20 × 10>(( J nm>( was 
comparable to that of N(CH3)4Cl. Similar to the case of N(CH3)4Cl, the characteristic decay 
times  were below the resolution limit of the setup. 
7.1.4.2 Influence of Zwitterionic Pairing 
Experiments were performed at different concentrations of free sulfobetaine, to see the effect 
of the zwitterionic pairing in the presence of competitors. The vertical Brownian motion was 
strongly influenced by the presence of non-detergent sulfobetaine in solution. The mean 
square amplitudes of the height fluctuation were found to be almost an order of magnitude 
smaller than those in the presence of NaCl or KCl at the corresponding concentrations. 
Analogue to the monovalent ions, the MSA decreased with increasing sulfobetaine 
concentration. Accordingly, the spring constant reached as high as /"\bo9]9 ~ 12 ×10>(( J nm>( at 150 mM sulfobetaine. The autocorrelation function showed only minor 
dependencies on the sulfobetaine concentration, yet the hydrodynamic friction coefficient [ 
calculated from equation (7-4) significantly increased with increasing concentration of non-
detergent sulfobetaine up to [\bo9]9 = 0.28 × 10>(( Js nm>( at 150 mM sulfobetaine.  
Appendix I 79 
  
 
Figure 7.3 | Changes in the effective surface potential as a function of mono-valent ion concentrations. (a 
I-III) Height fluctuations ∆ℎ(È) of representative latex particles calculated for 1.5 mM, 15 mM and 150 mM 
concentrations of NaCl. (a IV) Normalized interfacial potentials /(∆ℎ)/P|R and fits based on the harmonic 
assumption described by equation (7-3).(a V) Autocorrelation function of the height fluctuation 〈∆ℎ(IÈ)∆ℎ(0)〉 
and corresponding single exponential fits following equation (7-4).(b I-V) Corresponding figures for a 
representative data set for different concentrations of KCl. Please note the different axis ranges. (c I-V) 
Corresponding figures for a representative data set for different concentrations of N(CH3)4Cl. 
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Figure 7.4 | Changes in the effective surface potential as a function of CaCl2 and sulfobetaine 
concentrations. (a I-III) Height fluctuations ∆ℎ(È) of representative latex particles calculated for 1.5 mM, 15 mM 
and 150 mM concentrations of CaCl2. (a IV) Normalized interfacial potentials /(∆ℎ)/P|R and fits based on the 
harmonic assumption described by equation (7-3).(a V) Autocorrelation function of the height fluctuation 〈∆ℎ(IÈ)∆ℎ(0)〉 and corresponding single exponential fits following equation (7-4).(b I-V) Figures for a 
representative data set for different concentrations of free sulfobetaine. 
7.1.4.3 Probing the effective interfacial potential using osmotic spherocytes 
The excellent antifouling capability of zwitterionic polymers leads to the suppression of 
nonspecific interactions with proteins and lipid vesicles259, 260. To quantify this capability for 
zwitterionic sulfobetaine brushes, the experiments were conducted using human 
erythrocytes. 
Healthy erythrocytes are highly deformable cell types and naturally show large thermally and 
non-thermally driven membrane fluctuations. In order to decouple these fluctuations from 
the vertical Brownian motion, erythrocytes were tensed under hypotonic conditions to create 
osmotic spherocytes (OS) with strongly reduced membrane fluctuations. The observed height 
fluctuations on poly(sulfobetaine) brushes were distinctly higher than those recorded during 
the reference measurements on pure glass substrates (Figure 7.5 (I), Table 7-3). 
In fact, the osmotic spherocytes were only very loosely confined on the polymer brush as 
indicated by the low spring constant of /"{,\p ~ 1 × 10>(( J nm>( (Figure 7.5 (II), Table 7-
3). Moreover, a very slow decay of the autocorrelation was observed (Figure 7.5 (III), Table 
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7-3), leading to a hydrodynamic friction coefficient [{,p\bo9]9 below the resultion limit of 
the setup.  
 
Figure 7.5 | Osmotic spherocytes on poly(sulfobetaine) brushes and bare glass substrates passivated with 
BSA. (I) Height fluctuations ∆ℎ(È) of representative osmotic spherocytes. (II) Normalized interfacial interaction 
potential /(∆ℎ)/P|R and fits based on the harmonic assumption described by equation (7-3). Inset depicts a raw 
data image obtained by RICM of an osmotic spherocytes on glass. (III) Autocorrelation function of the height 
fluctuation 〈∆ℎ(IÈ)∆ℎ(0)〉 and corresponding single exponential fits following equation (7-4). 
Table 7-3 | Summary of values for the spring constant Z",the characteristic decay time Ã, and the 
hydrodynamic friction coefficient r for osmotic spherocytes. 
substrate uvw xt Z"þ> y/xt Ã z r þ> yz/xt 
poly(sulfobetaine) 
brush 
97 ± 103 1 ± 1 0.14 ± 0.09 <0.1 
glass 7 ± 4 10 ± 5 0.02 ± 0.02 0.20 ± 0.19 
 
7.1.5 Discussion 
Previous studies based on light scattering suggest an monotonic increase in the hydro-
dynamic radius of poly(sulfobetaine) as a function NaCl beyond a critical concentration |∗ =74 mM 261. Experiments based on specular neutron reflectivity further revealed an increase 
in the brush to electrolyte interface diffusivity beyond NaCl > |∗ 244 Corresponding density 
profiles of poly(sulfobetaine) brushes reveal a poorly swollen inner layer and a highly swollen 
diffusive outer layer.  
Interestingly, brushes based for example on poly(phosphocholine) exhibit neither changes in 
hydrodynamic radius nor in density profiles in the range of NaCl = 74 mM − 5mM, thereby 
emphasizing the unique properties of poly(sulfobetaine) brushes. Unfortunately, the 
underlying molecular mechanisms that evoke such differences are not explained up to date.  
/" was found to monotonically increase for increasing NaCl in the range of 1.5 mM to 150 mM (Figure 7.6, Table 7-1). In fact, the change was most prominent up to NaCl =150 mM clearly beyond |∗ = 74 mM. Both N(CH3)4Cl and KCl exhibited a similar tendency 
(Figure 7.6, Table 7-1), and the resulting /" provide a clear sequence: 
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/"b < /"nb ≪ /"n(o)pb, 
with /"n(o)pb being almost an order of magnitude larger than those for KCl and NaCl. 
N(CH3)4+ is in the kosmotrope regime according to the Hofmeister series. If the ion specificity 
is based solely on difference in solvation entropy, one would expect direct neighbours such 
as K+ and Na+ to show similar properties. Indeed the observed /" were comparable at all 
considered salt concentrations for K+ and Na+. Therefore, one would expect that specimen 
with even higher chaotropic character such as CaCl2 to continue the observed trends. 
Yet, the spring constant /"bW for CaCl2 showed the opposite behaviour, significantly 
decreasing with increasing salt concentration (Figure 7.6, Table 7-2). Moreover, the observed 
range of /"bW = 10 − 21 × 10>(( J nm>( was more than double than the range obtained for 
KCl and NaCl. Therefore, one can conclude that monovalent cations and Ca2+ must interact 
differently with the sulfobetaine side chains, possibly by cross-bridging of anionic sulfate 
moieties by Ca2+. A further extension of the study to include other divalent cation species, or 
ions with even higher valence might provide deeper insight into the underlying physical 
mechanism.  
To shed light on the anti-electrolyte effect, the effective interfacial interaction potential was 
probed as a function of free sulfobetaine. The confinement due to free sulfobetaine was found 
to be higher than that of NaCl or KCl but lower than that of N(CH3)4Cl at corresponding 
concentrations. Remarkably, the characteristic decay time  did not change significantly as a 
function of sulfobetaine. Yet, the hydro dynamic friction coefficient strongly increased with 
higher concentrations of free sulfobetaine reaching [\bo9]9 = 0.28 × 10>(( Js nm>(. Such 
a tendency was only observed for sulfobetaine, suggesting the intercalation of sulfobetaine 
molecules into the poly(sulfobetaine) brush, disturbing the zwitterionic pairing.  
 
Figure 7.6 | Summarized values for the spring constant Z"as a function of ion concentration. (a) Increase 
in /" with increasing concentration of monovalent ions (Na+, K+ and N(CH3)4+. (b) Decrease in /" with increasing 
concentration of divalent ions (Ca2+). 
The excellent anti-fouling capability of zwitterionic-polymers prevents non-specific 
interactions with proteins and lipid vesicles 259, 260. This property has been attributed to the 
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hydration with “freezing-bound” or “intermediate” water molecules 262, 263. Yet, the cell-
surface interactions modulated by zwitterionic polymer brushes were not quantified yet. The 
obtained results on osmotic spherocytes confirm that zwitterionic polymer brushes 
significantly soften the interfacial interaction potential and strongly reduce the 
hydrodynamic friction (Table 7-3). In contrast, the control experiments on bare glass revealed 
a strong vertical confinement with a roughly one order higher spring constant of /"{,#bpp ~ 10 × 10>(( J nm>( and a hydrodynamic friction coefficient of [{,#bpp = 0.20 ×10>(( Js nm>(. The unique properties determined for zwitterionic polymer brushes seem to 
provide the physical explanation of their previously reported blood repulsion capability 259. 
7.1.6 Summary 
The effective interfacial potential was probed with cell sized latex beads and approximated as 
harmonic. The corresponding spring constants increased according to the increase in 
monovalent cation concentration always following the sequence: /"b < /"nb ≪/"n(o)pb, suggesting the dependency on the Hofmeister series. For CaCl2 the opposite 
behavior was observed, indicating a unique influence of divalent ions on zwitterionic brushes. 
The inter chain interactions were examined using free sulfobetaine solutions, resulting in 
sharply confined potentials with increasing spring constants for higher concentrations. In 
clear contrast to all other ions, the friction coefficient significantly increased with increasing 
free sulfobetaine concentrations, indicating an intercalation effect. The excellent anti fouling 
capability was demonstrated using osmotic spherocytes. Indeed, the effective interfacial 
potential was found to be shallow with a very low hydrodynamic friction exerted on the cells. 
Further detailed studies of the ion distribution and water structure within the brush layers 
could help to understand and improve the unique properties of zwitterionic polymer brushes. 
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8 Appendix II 
8.1 Abbreviations 
AFM Atomic force microscopy 
BSA Bovine serum albumin 
CD36 Cluster of differentiation 36 
CIDR Cysteine rich domain region 
CO2 Carbon dioxide 
CSA Chondroitin sulfate A 
DBL Duffy binding like 
DOGS-NTA 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-
carboxypentyl)iminodiacetic acid)succinyl] (nickel salt) 
DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine 
EDTA Ethylenediaminetetraacetic acid 
FCR3 Plasmodium falciparum adapted Lab strain 
FWHM Full width at half maximum 
Hb Haemoglobin 
HBS HEPES buffered saline 
HDMEC Human dermal microvascular endothelial cells 
HEPES 2-[4-(2-hydroxyethyl)piperazin-1-yl] ethanesulfonic acid 
HUVEC Human umbilical vein endothelial cells 
ICAM-1 Intercellular adhesion molecule 1 
iRBC Infected red blood cell 
KAHRP Knob Associated Histidine Rich Protein 
MACS Magnetic activated cell sorter 
MSA Mean square amplitude 
NA Numerical Aperture  
NPP New permeation pathways 
O2 Oxygen 
OS Osmotic spherocytes 
P. Plasmodium 
PBS Phosphate buffered saline 
PfEMP1 Plasmodium falciparum erythrocyte membrane protein 1 
RBC Red blood cell 
rpm Revolutions per minute 
RPMI  Roswell Park Memorial Institute 
ROS Reactive oxygen species 
RT Room temperature 
SD Standard deviation 
SUV Small unilammelar vesicles 
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SXRF Scanning X-ray fluorescence 
uRBC Uninfected red blood cell 
WHO World Health Organization 
8.2 Measuring units and symbols 
% Percent 
°C Degree Celsius 
A Area 
a.u. Arbitrary units 
γ Harmonic confinement 
E Electric field 
η Viscosity, Fluorescence yield 
g Gramm 
h Hours, height 





Bending rigidity, prolongation factor  
Wavelength 
L, l Liter 
M Molar 
m Meter or milli 
σ Membrane tension, repeller density, cross section  
P Pressure 
r Distance, Pearson correlation coefficient 
t Transmission coefficient 
τ Shear stress, characteristic decay time 
ω Frequency 
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8.3 Supporting information 
8.3.1 SI Chapter (1.2)-Introduction 
Supporting Table 8-1 | Classification as severe form of malaria if patients display one or more symptoms 
264, 265.  
symptoms medical proof 
cerebral malaria coma and seizures 
respiratory distress plasma bicarbonate < 15 mmol/l 
pulmonary edema radiologically confirmed 
jaundice plasma bilirubin > 3 mg/dl 
severe anemia haemoglobin < 5 g/dl 
hypoglycemia blood glucose < 40 mg/dl 
renal failure plasma creatinine > 3 mg/dl 
hyperparasitaemia parasitaemia (> 10%) 
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8.3.2 SI Chapter (3.1)-Functionalized solid-supported lipid bilayers 
 
Supporting Figure 8.1 | Membrane quality control. (a) Fluorescence maps of solid-supported membranes 
incooperating different densities 5<of Texas Red™ 1,2-Dihexadecanoyl-sn-Glycero-3-Phosphoethanolamine 
(DHPE-TR) instead of DOGS-NTA (Ni2+) (upper panel). Fluorescence maps of solid-supported membranes 
incooperating different densities 5< of DOGS-NTA (Ni2+) after the incubation with histidine tagged GFP (HIS-
GFP). (b) The corresponding fluorescence intensity as a function of density 5< of DHPE-TR and HIS-GFP does 
exhibit a clear linear trend. (c) Solid-supported membrane with of DOGS-NTA (Ni2+) at 5< = 1030 10 mm>( 
functionalized with CD36 (upper panel) or ICAM-1 (lower panel). Fluorescence maps after the incubation with 
5 µg/ml Anti-CD36 (super bright 600, SB600) and Anit-ICAM-1 (Fluorescein isothiocyanate, FITC). All 
presented maps show highly uniform fluorescence yield. Scale bar, 50 µm. 
  
88 Appendix II 
 
8.3.3 SI Chapter (3.2)-Pressure wave based evaluation of cell adhesion strength  
 
Supporting Figure 8.2 | Oscillogram of the pressure and power level recorded during a calibration 
session. Single laser pulses were registered by a power meter (red). The piezo hydrophone at a focus distance of 
2 mm registers a peak caused by the creation of a cavitation bubble (blue, S1) followed by a second peak (blue, 
S2) due to the collapse of the cavitation bubble. 
Following the modified Rayleigh equation, the maximum radius of the cavitation bubble in an 
infinite fluid reservoir can be estimated to266:  
 S÷¥ = RE0.9155ÝÆÆ − iG , 8-1 
where RE  denotes to the collapse time, G the fluid density (for aqueous medium one can 
assume G = 1000 kg/m), ÝÆÆ to the static pressure (ÝÆÆ ≈ 10TPa) and i to the vapor 
pressure inside the bubble (i ≈ 2300 at RT)267. The substrates acts as a boundary 
prolonging the cavitation bubble collapse described by a prolongation factor 4: 
 
4 = RERE = 1 + 0.41 12 ¼ ℎS÷¥Â
, 
8-2 
Where ℎ denotes to the focus height above the substrate. Substituting equation (8-1) into 
equation (8-2) one derives: 
 S′÷¥ = R′E0.91545ÝÆÆ − iG , 8-3 
with the measured cavitation bubble decay time of R′E ≈ 100 µs, one can therefore calculate 
the maximum radius for the cavitation bubble to be S′÷¥ ≈ 980 µm, assuming ℎ = 500 µm.  
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8.3.4 SI Chapter (3.4)-Quantification of cell adhesion by micro interferometry 
 
Supporting Figure 8.3 | Summary of data obtained by reflection interference contrast microscopy as 
presented in Chapter (3.4). (a)-(d) Contact area  E , adhesion area  e, and average mean square amplitude of 
intensity fluctuation 〈íî 〉 as determined by RICM. Data points represent single determinations for individual 
cells of at least three different donors. *,  < 0.01 according to Welch t-test.  
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8.3.5 SI Chapter (4.1)-P. falciparum induced changes to red blood cell mechanics  
 
Supporting Figure 8.4 | Knob density and knob diameter of infected erythrocytes at the trophozoite stage 
obtained from SEM images. (SEM imaging and knob analysis was performed by Dr. Marek Cyrklaff, Center for 
Infectious Diseases, Heidelberg University Hospital)  
Supporting Table 8-2 | Gaussian roughness (RMS) as a function of infectious stage. RMS determined from a 
Gaussian fit to histograms of the fluctuation amplitude  = qÔ~}(Ò, R) − 〈qÔ~}(Ò, R)〉~,¢  for each individual cell. 
Stage of infection Type 
Gaussian roughness 
RMS 
  [nm] 
 HbAA   90 ± 34 (42) 
Uninfected HbAS   94 ± 33 (41) 
 HbAC 103 ± 27 (36) 
 HbAA 137 ± 44 (30) 
Ring HbAS 134 ± 49 (25) 
 HbAC 136 ± 65 (25) 
 HbAA 169 ± 47 (29) 
Trophozoite HbAS 164 ± 77 (39) 
 HbAC 152 ± 55 (40) 
knobless 
Trophozoite 
HbAA 114 ± 31 (42) 
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8.3.6 SI Chapter (4.2)-Biochemical composition of infected red blood cells  
 
Supporting Figure 8.5 |Copper (Cu) distribution for (a) an uninfected wildtype erythrocyte and (b) an 
infected wildtype erythrocyte at the trophozoite stage (see Figure 4.13). Adjacent plots to the left and to the 
bottom denote to the average detector counts along the x and y axes, respectively. Black lines included to guide 
the eye. 
 
Supporting Figure 8.6 | Elemental maps of uninfected haemoglobinopathic erythrocytes. (a-d, upper panel, 
pixel size 50 nm) Element distributions for an uninfected HbAS erythrocyte. (e-h, upper panel, pixel size 400 nm) 
Element distributions for an uninfected HbAC erythrocyte. Lower panels depict the percentage ratios calculated 
for the erythrocyte cytosolic area (black). 
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